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❊❝❦❡❤❛r❞ ❋r❡✐t❛❣✳ ❊❝❦✐✱ ✐t ✇❛s ❛❧✇❛②s ❢✉♥ ✇♦r❦✐♥❣ ✇✐t❤ ②♦✉✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❛♥♥✉❛❧ ❝❛♥♦❡✐♥❣
✐♥ ❙❝❤ö♥t❛❧ ❛♥❞ ✇❛t❝❤✐♥❣ ❉♦rt♠✉♥❞ ❣❛♠❡s ✇✐t❤ ②♦✉ ❛r❡ ♣r✐❝❡❧❡ss✳ ■ ❛❧s♦ ✇❛♥t t♦ t❤❛♥❦ ❙❛s❝❤❛
▼♦❧❞❛✇s❦✐ ❢♦r s❤♦✇✐♥❣ ♠❡ t❤❡ ❜❡st ❇✉r❣❡r ♣❧❛❝❡ ✐♥ ❇❡r❧✐♥ ❛♥❞ ❉r✳ ❏❛♥✲▼❛r❡❦ ❲❡✐s❧♦❣❡❧ ❢♦r
❜❡✐♥❣ ❛ ❣r❡❛t ❤♦st ✐♥ ❙✐♥❣❛♣♦r❡✳
■ ❢✉rt❤❡r ❤❛✈❡ t♦ t❤❛♥❦ ❛❧❧ ♠② ❢r✐❡♥❞s ✇❤♦ s✉♣♣♦rt❡❞ ♠❡ ❞✉r✐♥❣ ♠② P❤❉ ❛♥❞ ❣✐✈✐♥❣ ♠❡ ❛
❧✐❢❡ ♦✉ts✐❞❡ t❤❡ ❧❛❜✳ ❑r✐st✐♥❛ ❍❛s❧✐♥❣❡r✱ ❢♦r ❛❧❧ t❤❡ ❛♠❛③✐♥❣ ❡✈❡♥✐♥❣s✳ ❚❤❛♥❦s ❑r✐ss✐✱ ❢♦r
❛❧✇❛②s ❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡✳ ❋♦r ❜❡✐♥❣ ❝r✐t✐❝❛❧✱ ✇❤❡♥ ✐t ✇❛s r❡q✉✐r❡❞ ❛♥❞ ❢♦r ❝❤❡❡r✐♥❣ ♠❡ ✉♣✱
✇❤❡♥ ■ ♥❡❡❞❡❞ ✐t✳ ❚❤❛♥❦s ❢♦r ❛❧❧ t❤❡ ❧✐tt❧❡ s♦✉✈❡♥✐rs ②♦✉ ❜r♦✉❣❤t ♠❡ ❢r♦♠ ②♦✉r ❥♦✉r♥❡②s ❛♥❞
t❤❛♥❦s ❢♦r t❤❡ ♠❛♥② ✬s✉♥❞❛②✲✇❛❧❦s✬✳ ▼② ❣r❛t✐t✉❞❡ ❛❧s♦ ❣♦❡s t♦ ❏✉❧✐❛♥♥❡ ▼❝❈❛❧❧✳ ❋✐rst ♦❢ ❛❧❧
❢♦r ♣r♦♦❢r❡❛❞✐♥❣ ♠② t❤❡s✐s ❛♥❞ ❢♦r ✐♥tr♦❞✉❝✐♥❣ ❇r❛✐♥ ❇❡❡ t♦ ♠❡✳ ❇✉t ❏✉❧✐❛♥♥❡✱ ❡✈❡♥ ♠♦r❡
✐♠♣♦rt❛♥t❧②✱ ■ ✇❛♥t t♦ t❤❛♥❦ ②♦✉ ❢♦r ❜❡✐♥❣ s✉❝❤ ❛♥ ❛♠❛③✐♥❣ ❢r✐❡♥❞✳ ❨♦✉ ❛r❡ ♦♥❡ ♦❢ t❤❡ ♠♦st
❡♥t❤✉s✐❛st✐❝ ❛♥❞ ✐♥s♣✐r✐♥❣ ♣❡rs♦♥s ■ ❦♥♦✇ ❛♥❞ ♦♥ t♦♣ ②♦✉ ❛r❡ ♦♥❡ ♦❢ t❤❡ ♠♦st ❝❤❡❡r❢✉❧ ♣❡rs♦♥s
■ ❤❛✈❡ ❡✈❡r ♠❡t✳ ❆ s♣❡❝✐❛❧ t❤❛♥❦s ❣♦❡s ❢✉rt❤❡r t♦ ②♦✉ ❛♥❞ ②♦✉r ❢❛♠✐❧② ❢♦r ❜❡✐♥❣ s✉❝❤ ❣r❡❛t
❤♦sts ✐♥ ❙❛♥ ❉✐❡❣♦✦ ◆❡①t✱ ■ ✇❛♥t t♦ t❤❛♥❦ ❋r❛✉❦❡ ▲❡✐t♥❡r✱ ❢♦r ❥♦❣❣✐♥❣ ✇✐t❤ ♠❡ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣
♦❢ t❤❡ P❤❉✱ ❜✉t ❛❧s♦ ❧❛t❡r ❢♦r t❤❡ ❣r❡❛t ❡✈❡♥ts s❤❡ ♦r❣❛♥✐③❡❞✳ ❋r❛✉❦❡✱ t❤❛♥❦ ②♦✉ ❛❧s♦ ❢♦r ❛❧❧
t❤❡ ❣r❡❛t ❝♦✛❡❡ ❛♥❞ ❧✉♥❝❤ ❜r❡❛❦s ✇❡ s♣❡♥t t♦❣❡t❤❡r✦ ■ ❛❧s♦ ✇❛♥t t♦ t❤❛♥❦ ❆♥❥❛ ●ö♣❢r✐❝❤ ❢♦r
❛ ✈❛r✐❡t② ♦❢ ❢✉♥ ❡✈❡♥ts ❛♥❞ ▼❛① ❙❝❤❧✐❡ß❡r ❢♦r t❤❡ ❛❢t❡r✲✇♦r❦ ❜❡❡rs✳ ■ ❛♠ ✈❡r② ❣r❛t❡❢✉❧ t♦ ♠②
❢r✐❡♥❞s ✐♥ ❍❡✐❞❡❧❜❡r❣✱ ✇❤♦ s❤♦✇❡❞ ♠❡ t❤❛t t❤❡r❡ ✐s ❛ ✇♦r❧❞ ♦✉ts✐❞❡ t❤❡ ❧✐❢❡ s❝✐❡♥❝❡ ❝♦♠♠✉♥✐t②✦
■ ❡s♣❡❝✐❛❧❧② ✇❛♥t t♦ ♠❡♥t✐♦♥ ❋r❛♥③✐s❦❛ ●❡r❤❛r❞t ❛♥❞ ❇r✐tt❛ ❙❝❤♠❛❧❡r✳ ❚❤❛♥❦ ②♦✉ ❢♦r ❛❧✇❛②s
❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡ ❞✉r✐♥❣ t❤❡ ♣❛st ②❡❛rs✳ ❖✉r ❡✈❡♥✐♥❣s t♦❣❡t❤❡r ✐♥ t❤❡ ❉❡st✐❧❧❡ ❛♥❞ ❡❧s❡✇❤❡r❡
✇✐❧❧ ❛❧✇❛②s ❤❛✈❡ ❛ s♣❡❝✐❛❧ ♣❧❛❝❡ ✐♥ ♠② ♠❡♠♦r✐❡s✳ ■ ❛❧s♦ ✇❛♥t t♦ t❤❛♥❦ ❙✐❧✈✐❛ ❯r❜❛♥s❦② ❢♦r ❜❡✐♥❣
❛ ❣r❡❛t ✢❛t ♠❛t❡ ❞✉r✐♥❣ ♠② P❤❉ ❛♥❞ ❢♦r ❣r❡❛t tr✐♣s t❤r♦✉❣❤ ❊✉r♦♣❡ ❛♥❞ ❆✉str❛❧✐❛✳
■ ✇❛♥t t♦ t❤❛♥❦ ❛❧❧ ♠② ❢r✐❡♥❞s t❤❛t ❤❛✈❡ ❜❡❡♥ s✉♣♣♦rt✐✈❡ ♦✈❡r ♠❛♥② ②❡❛rs✱ ❜✉t ✇❤♦ ■
✉♥❢♦rt✉♥❛t❡❧② ❤❛r❞❧② s❡❡✱ ❛s t❤❡② ❧✐✈❡ ♠❛♥② ❦✐❧♦♠❡t❡rs ❛✇❛②✳ ❚❤❛♥❦s t♦ ❆♥♥❛ ❲ür❢❡❧✱ ❱✐♦❧❡tt❛
❲✐t❦♦✇❦s✐✱ ❙t❡✣ ❏❛♥s✐♥❣✱ ▼✐r❥❛ ❑♦❝❤✱ ◆♦r❛ ❍❡♥♥✐❡s✱ ❈❤r✐st✐❛♥ ❍ü❜❡r ❛♥❞ ❍✐❜❜❛ ◆❛s✐r✳ ❨♦✉
❛r❡ ❛❧❧ tr✉❡ ❢r✐❡♥❞s✱ ♠♦st ♦❢ ②♦✉ ■ ❦♥♦✇ s✐♥❝❡ ♠❛♥②✱ ♠❛♥② ②❡❛rs✳ ❨♦✉r ♣❤♦♥❡ ❝❛❧❧s✱ ♠❡ss❛❣❡s
❛♥❞ ❧✐tt❧❡ ♣r❡s❡♥ts t❤❛t r❡❛❝❤❡❞ ♠❡ ♦✈❡r t❤❡ ②❡❛rs ❛❧✇❛②s ♠❡❛♥t ❛ ❧♦t t♦ ♠❡✳ ❚❤❛♥❦s ❢♦r ❛❧❧ t❤❡
❣r❡❛t t✐♠❡ ✇❡ ❤❛✈❡ s♣❡♥t t♦❣❡t❤❡r✱ ✐rr❡s♣❡❝t✐✈❡❧② ♦❢ ✇❤❡t❤❡r ✇❡ ♠❡t ❛t ②♦✉r ❤♦♠❡✱ ❛t ♠② ❤♦♠❡
♦r s♦♠❡✇❤❡r❡ ❡❧s❡ ✐♥ t❤❡ ✇♦r❧❞✳
❩✉♠ ❙❝❤❧✉ss ♠ö❝❤t❡ ✐❝❤ ♠❡✐♥❡r ❋❛♠✐❧✐❡ ❞❛♥❦❡♥✱ ♦❤♥❡ ❞✐❡ ❞✐❡s❡ ❆r❜❡✐t ü❜❡r❤❛✉♣t ♥✐❝❤t
♠ö❣❧✐❝❤ ❣❡✇❡s❡♥ ✇är❡✳ ▼❛♠❛ ✉♥❞ P❛♣❛✱ ✐❝❤ ❞❛♥❦❡ ❡✉❝❤✱ ❞❛ss ✐❤r ♠✐❝❤ ✐♠♠❡r ❜❡✐ ♠❡✐♥❡♥
❊♥ts❝❤❡✐❞✉♥❣❡♥ ✉♥t❡rstüt③t ❤❛❜t ✉♥❞ ❞❛ss ✐❤r ♠✐❝❤ ♠❡✐♥❡♥ ❡✐❣❡♥❡♥ ❲❡❣ ❤❛❜t ❣❡❤❡♥ ❧❛ss❡♥✳
■❤r ❤❛❜t ❡✉❝❤ ③✉s❛♠♠❡♥ ♠✐t ♠✐r ü❜❡r ❦❧❡✐♥❡ ✉♥❞ ❣r♦ß❡ ❊r❢♦❧❣❡ ❣❡❢r❡✉t✱ ❤❛❜t ♠✐❝❤ ❛❜❡r ❛✉❝❤
❛✉❢❣❡❜❛✉t✱ ✇❡♥♥ ❡s ♠❛❧ ♥✐❝❤t ♦♣t✐♠❛❧ ❧✐❡❢✳ ■❤r ❤❛❜t ♠✐❝❤ ♥✐❡ ✉♥t❡r ❉r✉❝❦ ❣❡s❡t③t ✉♥❞ ♠✐r
✐♠♠❡r ✈❡rtr❛✉t✳ ■❝❤ ♠ö❝❤t❡ ❡✉❝❤ ❞❛♥❦❡♥✱ ❞❛ss ✐❤r ③✉ ❥❡❞❡r ❚❛❣❡s✲✉♥❞ ◆❛❝❤t③❡✐t ❢ür ♠✐❝❤ ❞❛
s❡✐❞✳ ❊✐♥ ❣r♦ß❡s ❉❛♥❦❡s❝❤ö♥ ❣❡❤t ❛✉❝❤ ❛♥ ♠❡✐♥❡ ❙❝❤✇❡st❡r✳ ❆❧❡①✱ ❞✉ ❤❛st ❛✉❝❤ ✐♠♠❡r ♠✐t
♠✐r ♠✐t❣❡✜❡❜❡rt ✉♥❞ ✇❛rst ❢ür ♠✐❝❤ ❞❛✳ ❇❡s♦♥❞❡rs ❞❡✐♥❡ ❦❧❡✐♥❡♥ Pä❝❦❝❤❡♥✱ ✐♥ ❞✐❡ ❞✉ ✈✐❡❧❡
●❡❞❛♥❦❡♥ ✉♥❞ ▲✐❡❜❡ ❣❡st❡❝❦t ❤❛st✱ ❤❛❜❡♥ ♠✐r ❥❡❞❡s ▼❛❧ ✈✐❡❧ ❋r❡✉❞❡ ❜❡r❡✐t❡t✳ ❊s s✐♥❞ ♦❢t ❞✐❡
❑❧❡✐♥✐❣❦❡✐t❡♥✱ ❞✐❡ ❡✐♥❡♥ ✐♥ str❡ss✐❣❡♥ ✉♥❞ s❝❤✇✐❡r✐❣❡♥ ❩❡✐t❡♥ ③✉♠ ▲❛❝❤❡♥ ❜r✐♥❣❡♥✳ ❊✐♥ ❣r♦ß❡r
❉❛♥❦ ❣❡❤t ❛✉❝❤ ❛♥ ♠❡✐♥❡ ❖♠❛✳ ❖♠❛✱ ❞✉ ❜✐st ❞✐❡ ❇❡st❡ ❖♠❛ ❛✉❢ ❞❡r ❲❡❧t✦ ❉✉ ❤❛st ✐♠♠❡r
❛♥ ♠✐❝❤ ●❡❞❛❝❤t ✉♥❞ ❡✐♥❡ ❑❡r③❡ ❢ür ♠✐❝❤ ❛♥❣❡st❡❝❦t✱ ✇❡♥♥ ✇✐❝❤t✐❣❡ Prü❢✉♥❣❡♥ ✉♥❞ ❛♥❞❡r❡
❊r❡✐❣♥✐ss❡ ❛♥st❛♥❞❡♥ ✉♥❞ ❞✐❝❤ ✐♠♠❡r ✉♠ ♠✐❝❤ ❣❡s♦r❣t✳ ❉❛s ❛❧❧❡s ❜❡❞❡✉t❡t ♠✐r s❡❤r ✈✐❡❧✳ ■❝❤
❤❛❜❡ ❡✉❝❤ ❛❧❧❡ ✉♥❣❧❛✉❜❧✐❝❤ ❧✐❡❜✳ ❉❆◆❑❊✦✦✦
✐✐
❈♦♥t❡♥ts
✶ ❆❝❦♥♦✇❧❡❞❣♠❡♥ts ✐
✷ ❙✉♠♠❛r② ✶
✸ ❩✉s❛♠♠❡♥❢❛ss✉♥❣ ✸
✹ ■♥tr♦❞✉❝t✐♦♥ ✺
✹✳✶ ▲❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r②✲ ❛ ❢♦❝✉s ♦♥ ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✹✳✶✳✶ ❙✐❣♥❛❧❧✐♥❣ ♣❛t❤✇❛②s r❡❣✉❧❛t✐♥❣ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✐♥ ❧♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛t✐♦♥ ✻
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✈✐✐
✷ ❙✉♠♠❛r②
❚❤r♦✉❣❤♦✉t ♦✉r ❡♥t✐r❡ ❧✐❢❡✱ ♠❡♠♦r② ✐s ❝❡♥tr❛❧ t♦ ♦✉r ❛❜✐❧✐t② t♦ ❝❛rr② ♦✉t ❡✈❡r②❞❛② t❛s❦s✳
❚❤❡r❡❢♦r❡✱ ❞✐s❡❛s❡s t❤❛t ❛✛❡❝t ❝♦❣♥✐t✐♦♥ ❤❛✈❡ s❡✈❡r❡ ❝♦♥s❡q✉❡♥❝❡s✱ t❤❛t ✐♥✢✉❡♥❝❡ ♣❛t✐❡♥ts✬ ❞❛✐❧②
❧✐✈❡s✳ ❍♦✇❡✈❡r✱ ♥♦t ♦♥❧② ❞♦ ❞❡✜❝✐ts ✐♥ ❢♦r♠✐♥❣ ♦r r❡❝❛❧❧✐♥❣ ♠❡♠♦r✐❡s ✐♠♣❛❝t ♣❡♦♣❧❡s✬ ❧✐✈❡s ❜✉t
❛❧s♦ t❤❡ ✐♥❛❜✐❧✐t② t♦ ❢♦r❣❡t tr❛✉♠❛t✐❝ ❡✈❡♥ts ♦r ❢❡❛r t♦✇❛r❞s s♣❡❝✐✜❝ st✐♠✉❧✐✱ s✉❝❤ ❛s ✇✐t❤ ♣♦st✲
tr❛✉♠❛t✐❝ str❡ss ❞✐s♦r❞❡r ✭P❚❙❉✮✱ ❛♥①✐❡t② ❞✐s♦r❞❡rs ❛♥❞ ♣❤♦❜✐❛s✳ ❍❡♥❝❡✱ ✐t ✐s ❡ss❡♥t✐❛❧ t♦
✉♥❞❡rst❛♥❞ t❤❡ ❝❡❧❧✉❧❛r ❛♥❞ ♠♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠s ✐♥ ♦r❞❡r t♦ ❤❡❧♣ ♣❡♦♣❧❡ ✇✐t❤ ❛♥② ♦❢ t❤❡s❡
❞✐s♦r❞❡rs✳
■♥ t❤❡ ✜rst st✉❞② ♦❢ t❤✐s t❤❡s✐s✱ ■ ✐♥✈❡st✐❣❛t❡❞ ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ ✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ ❝♦♥tr♦❧
❝❆▼P r❡s♣♦♥s❡ ❡❧❡♠❡♥t ❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ✭❈❘❊❇✮✴❈❘❊❇ ❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ✭❈❇P✮✲♠❡❞✐❛t❡❞
tr❛♥s❝r✐♣t✐♦♥ ✭❇❛❞✐♥❣ ✭✷✵✶✸✮✮✱ ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠❡♠♦r②✳ ■♥❞❡❡❞✱ ■ ❢♦✉♥❞ t❤❛t
✐♥❤✐❜✐t✐♦♥ ♦❢ ❤✐♣♣♦❝❛♠♣❛❧ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♠♣❛✐rs ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✐♥ t✇♦ ❤✐♣♣♦❝❛♠♣✉s✲
❞❡♣❡♥❞❡♥t t❛s❦s✳ ■ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞ t❤❡ ♣♦ss✐❜❧❡ ♠❡❝❤❛♥✐s♠s t❤❛t ❝♦♥tr✐❜✉t❡ t♦ t❤❡s❡ ❞❡✜❝✐ts
❛♥❞ ❢♦✉♥❞ t❤❛t ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❧❡❛❞s t♦ ❛❧t❡r❛t✐♦♥s ✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✳ ■
✇❛s ❛❜❧❡ t♦ r❡s❝✉❡ t❤❡s❡ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s ✈✐❛ ♦✈❡r❡①♣r❡ss✐♦♥ ♦❢ t❤❡ ✈❛s❝✉❧❛r ❡♥❞♦t❤❡❧✐❛❧
❣r♦✇t❤ ❢❛❝t♦r ❉ ✭❱❊●❋❉✮✳ ❱❊●❋❉ ✐s r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✉♥❞❡r ❜❛s❛❧ ❝♦♥❞✐t✐♦♥s ❛♥❞
✐s ❦♥♦✇♥ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡ ♠❛✐♥t❡♥❛♥❝❡ ♦❢ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳
❆❞❞✐t✐♦♥❛❧❧②✱ ■ ❝♦✉❧❞ s❤♦✇ t❤❛t ♦✈❡r❡①♣r❡ss✐♦♥ ♦❢ ❱❊●❋❉ r❡s❝✉❡❞ ♠❡♠♦r② ❞❡✜❝✐ts ❝❛✉s❡❞ ❜②
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥❤✐❜✐t✐♦♥✱ ♣r♦❜❛❜❧② ❞✉❡ t♦ t❤❡ r❡st♦r❛t✐♦♥ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡✳
■♥ t❤❡ s❡❝♦♥❞ st✉❞②✱ ✇❡ ❛✐♠❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡s ✭❉◆▼❚s✮ ❛r❡
r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❲❡ ❢♦✉♥❞ t❤❛t ❉◆▼❚✸❛✷ ✐s r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛♥❞ ✐s
✐♥❞✉❝❡❞ ✉♣♦♥ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ✇❡r❡ ❛❜❧❡ t♦ s❤♦✇ t❤❛t t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷
❞❡t❡r♠✐♥❡s ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✐♥ ♠✐❝❡✳ ❉♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❝❛✉s❡❞ ♠❡♠♦r② ❞❡✜❝✐ts
❛♥❞✱ ✐♥ ❛❞❞✐t✐♦♥✱ ❛ ❞❡❝r❡❛s❡ ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✇❛s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❣❡✲❞❡♣❡♥❞❡♥t ♠❡♠♦r②
❞❡❝❧✐♥❡✳ ❋✉rt❤❡r✱ r❡st♦r✐♥❣ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ✐♥ ❛❣❡❞ ♠✐❝❡ r❡s❝✉❡❞ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts✳
❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ s❤♦✇❡❞ t❤❛t ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❝♦rr❡❧❛t❡s ✇✐t❤ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s✱
❛♥❞ ✇❡ ✇❡r❡ ❛❜❧❡ t♦ ✐❞❡♥t✐❢② t✇♦ ♦❢ t❤❡ t❛r❣❡t ❣❡♥❡s ♦❢ ❉◆▼❚✸❛✷✱ ♥❛♠❡❧②✱ ❛❝t✐✈✐t②✲r❡❣✉❧❛t❡❞
❝②t♦s❦❡❧❡t♦♥✲❛ss♦❝✐❛t❡❞ ♣r♦t❡✐♥ ✭❆❘❈✮ ❛♥❞ ❜r❛✐♥✲❞❡r✐✈❡❞ ♥❡✉r♦tr♦♣❤✐❝ ❢❛❝t♦r ✭❇❉◆❋✮ ✭❖❧✐✈❡✐r❛
❡t ❛❧✳ ✭✷✵✶✷✮✮✳
■♥ t❤❡ t❤✐r❞ ♣❛rt ♦❢ t❤✐s t❤❡s✐s✱ ■ st✉❞✐❡❞ ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ❛❧s♦ r❡q✉✐r❡❞ ❢♦r ❢❡❛r ♠❡♠♦r②
❡①t✐♥❝t✐♦♥✱ ✇❤✐❝❤ ✐s r♦✉t✐♥❡❧② ✉s❡❞ ❛s ❛ ♠♦❞❡❧ ♦❢ P❚❙❉✳ ■t ✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞ t❤❛t ❞✉r✐♥❣ ❢❡❛r
❡①t✐♥❝t✐♦♥ ❛ ♥❡✇ ♠❡♠♦r② ✐s ❜✉✐❧t ✉♣ t❤❛t ✐♥❤✐❜✐ts t❤❡ ♣r❡✈✐♦✉s✱ ❛❝q✉✐r❡❞ ♠❡♠♦r②✳ ❚❤♦✉❣❤
✐t ✐s ❦♥♦✇♥ t❤❛t ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ s❤❛r❡ ❝♦♠♠♦♥ ♠❡❝❤❛♥✐s♠s✱ st✉❞✐❡s
✐♥✈❡st✐❣❛t✐♥❣ t❤❡ r♦❧❡ ♦❢ tr❛♥s❝r✐♣t✐♦♥ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥ ❛r❡ ♣❛rt❧② ❝♦♥tr♦✈❡rs✐❛❧ ✭▼❛♠✐②❛ ❡t ❛❧✳
✭✷✵✵✾✮✱ ▲✐♥ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ❱✐❛♥♥❛ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❍❡r❡✱ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s
✶
✐♥✈♦❧✈❡❞ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥✱ ♣♦✐♥t✐♥❣ t♦ ❛ r❡q✉✐r❡♠❡♥t ♦❢ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✳ ■ ❤❛✈❡ s❤♦✇♥ ✐♥ t❤❡
✜rst st✉❞② ♦❢ t❤✐s t❤❡s✐s t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ♠❛✐♥t❛✐♥s t❤❡ ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡r❡❢♦r❡✱
❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ ❞❡♥❞r✐t✐❝ tr❡❡✱ ♣r♦❜❛❜❧② ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳
■♥ s✉♠♠❛r②✱ ■ ❤❛✈❡ s❤♦✇♥ ✐♥ t❤✐s t❤❡s✐s t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ♠❡❞✐❛t❡s t✇♦ ❢♦r♠s ♦❢ ❝♦❣♥✐t✐♦♥✱
♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥✳ ■ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞
❱❊●❋❉ ♠❛✐♥t❛✐♥s t❤❡ ❞❡♥❞r✐t✐❝ str✉❝t✉r❡✱ ✇❤✐❝❤ ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ ♣❡r♠✐ss✐✈❡♥❡ss ♦❢ t❤❡
♥❡✉r♦♥ t♦ ♣r♦❝❡ss ✐♥❢♦r♠❛t✐♦♥ r❡q✉✐r❡❞ ❢♦r ❧♦♥❣✲t❡r♠ ❛❞❛♣t❛t✐♦♥s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
r❡❣✉❧❛t❡s ❉◆▼❚✸❛✷✱ ❛♥❞ ✇❡ s❤♦✇ t❤❛t t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ❤❛s ❛♥ ✐♠♣❛❝t ♦♥ ♠❡♠♦r②
❢♦r♠❛t✐♦♥✳ ❖✈❡r❡①♣r❡ss✐♦♥ ♦❢ ❉◆▼❚✸❛✷ r❡st♦r❡❞ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ✐♥ ❛❣❡❞ ♠✐❝❡ ❛♥❞
r❡s❝✉❡❞ ❛❣❡✲❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❞❡✜❝✐ts✳
✷
✸ ❩✉s❛♠♠❡♥❢❛ss✉♥❣
❯♥s❡r ●❡❞ä❝❤t♥✐s s♣✐❡❧t ❢ür ✉♥s tä❣❧✐❝❤ ❡✐♥❡ ✇✐❝❤t✐❣❡ ❘♦❧❧❡✱ ❞❛ ✇✐r ❞✐❡ ❋ä❤✐❣❦❡✐t ✉♥s ❛♥ ❉✐♥❣❡
③✉ ❡r✐♥♥❡r♥ ❢ür ❞✐❡ ❆✉sü❜✉♥❣ ✈♦♥ ❆❧❧t❛❣s❛✉❢❣❛❜❡♥ ♥✉t③❡♥✳ ❉❡s❤❛❧❜ ❤❛❜❡♥ ❑r❛♥❦❤❡✐t❡♥✱
❞✐❡ ❞❛s ●❡❞ä❝❤t♥✐s ❜❡❡✐♥trä❝❤t✐❣❡♥✱ s❝❤✇❡r✇✐❡❣❡♥❞❡ ❋♦❧❣❡♥ ❢ür ❞✐❡ P❛t✐❡♥t❡♥✳ ◆✐❝❤t ♥✉r
❉❡✜③✐t❡ ❜❡✐ ❞❡r ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ♦❞❡r ❊r✐♥♥❡r✉♥❣ ❤❛❜❡♥ ❞❛❜❡✐ ❡✐♥❡♥ ❊✐♥✢✉ss ❛✉❢ ❞❛s ▲❡❜❡♥
❞❡r P❛t✐❡♥t❡♥✱❛✉❝❤ ❞✐❡ ❙tör✉♥❣✱ ❞❛ss tr❛✉♠❛t✐s❝❤❡ ❊r❡✐❣♥✐ss❡ ♥✐❝❤t ♠❡❤r ✈❡r❣❡ss❡♥ ✇❡r❞❡♥
❦ö♥♥❡♥✱ ✇✐r❦❡♥ s✐❝❤ ❛✉❢ ❞❡r❡♥ ▲❡❜❡♥ ❛✉s✳ ❉✐❡s ✐st ③✉♠ ❇❡✐s♣✐❡❧ ❞❡r ❋❛❧❧ ❜❡✐ P❛t✐❡♥t❡♥ ♠✐t
♣♦sttr❛✉♠❛t✐s❝❤❡♥ ❇❡✇✉ssts❡✐♥sstör✉♥❣❡♥✱ ❆♥❣ststör✉♥❣❡♥ ♦❞❡r P❤♦❜✐❡♥✳ ❯♠ P❛t✐❡♥t❡♥ ✐♥
❩✉❦✉♥❢t ❜❡ss❡r ❤❡❧❢❡♥ ③✉ ❦ö♥♥❡♥✱ ✐st ❡s ❞❛❤❡r ✈♦♥ ❜❡s♦♥❞❡r❡r ❲✐❝❤t✐❣❦❡✐t✱ ❞✐❡ ③❡❧❧✉❧är❡♥ ✉♥❞
♠♦❧❡❦✉❧❛r❡♥ ▼❡❝❤❛♥✐s♠❡♥ ❞❡r ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ✉♥❞ ♣♦sttr❛✉♠❛t✐s❝❤❡♥ ❇❡✇✉ssts❡✐♥sstör✉♥❣
❣❡♥❛✉❡r ③✉ ✈❡rst❡❤❡♥✳
■♠ ❡rst❡♥ ❚❡✐❧ ♠❡✐♥❡r ❆r❜❡✐t ❤❛❜❡ ✐❝❤ ✉♥t❡rs✉❝❤t✱ ♦❜ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❢ür ❞✐❡ ●❡❞ä❝❤t♥✐s✲
❜✐❧❞✉♥❣ ❜❡♥öt✐❣t ✇❡r❞❡♥✳ ❊s ✐st ❜❡❦❛♥♥t✱ ❞❛ss ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❞✐❡ ❈❘❊❇✴❈❇P✲❛❜❤ä♥❣✐❣❡
●❡♥tr❛♥s❦r✐♣t✐♦♥ r❡❣✉❧✐❡r❡♥ ✭❇❛❞✐♥❣ ✭✷✵✶✸✮✮✳ ■❝❤ ❤❛❜❡ ❣❡③❡✐❣t✱ ❞❛ss ✐♥ ③✇❡✐ ✈❡rs❝❤✐❡❞❡♥❡♥
❊r✐♥♥❡r✉♥❣st❡sts ❞✐❡ ■♥❤✐❜✐❡r✉♥❣ ✈♦♥ ❤✐♣♣♦❦❛♠♣❛❧❡♥ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡♥ ③✉♠ ●❡❞ä❝❤t♥✐s✈❡r✲
❧✉st ❢ü❤rt✳ ❉❡s ❲❡✐t❡r❡♥ ❤❛❜❡ ✐❝❤ ❞❡t❛✐❧❧✐❡rt❡r ✉♥t❡rs✉❝❤t✱ ❛✉❢ ✇❡❧❝❤❡ ❲❡✐s❡ ❞✐❡ ■♥❤✐❜✐❡r✉♥❣
❞❡r ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ③✉♠ ●❡❞ä❝❤t♥✐s✈❡r❧✉st ❜❡✐trä❣t✳ ■❝❤ ❤❛❜❡ ❤❡r❛✉s❣❡❢✉♥❞❡♥✱ ❞❛ss ❞✐❡
❉②sr❡❣✉❧❛t✐♦♥ ❞❡r ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ③✉ ❱❡rä♥❞❡r✉♥❣❡♥ ❞❡r ❉❡♥❞r✐t❡♥str✉❦t✉r ❢ü❤rt✳ ❉✐❡s❡
❱❡rä♥❞❡r✉♥❣❡♥ ❦♦♥♥t❡♥ ❞✉r❝❤ ❞✐❡ Ü❜❡r❡①♣r❡ss✐♦♥ ❞❡s ❙✐❣♥❛❧♠♦❧❡❦ü❧s ❱❊●❋❉ ✭❛✉s ❞❡♠ ❊♥✲
❣❧✐s❝❤❡♥✿ ✈❛s❝✉❧❛r ❡♥❞♦t❤❡❧✐❛r ❣r♦✇t❤ ❢❛❝t♦r ❉✮ ✇✐❡❞❡r❤❡r❣❡st❡❧❧t ✇❡r❞❡♥✳ ❱❊●❋❉ ✇✐r❞ ✉♥t❡r
❜❛s❛❧❡♥ ❇❡❞✐♥❣✉♥❣❡♥ ❞✉r❝❤ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ r❡❣✉❧✐❡rt✳ ❩✉sät③❧✐❝❤ ✐st ❜❡❦❛♥♥t✱ ❞❛ss ❱❊●❋❉
❢ür ❞✐❡ ❊r❤❛❧t✉♥❣ ❞❡r ❉❡♥❞r✐t❡♥str✉❦t✉r ♥♦t✇❡♥❞✐❣ ✐st ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ■❝❤ ❦♦♥♥t❡
❛✉ß❡r❞❡♠ ③❡✐❣❡♥✱ ❞❛ss ●❡❞ä❝❤t♥✐s✈❡r❧✉st❡✱ ❞✐❡ ❞✉r❝❤ ❞✐❡ ■♥❤✐❜✐❡r✉♥❣ ✈♦♥ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡♥
❛✉s❣❡❧öst ✇✉r❞❡♥✱ ❞✉r❝❤ ❞✐❡ Ü❜❡r❡①♣r❡ss✐♦♥ ✈♦♥ ❱❊●❋❉✱ rü❝❦❣ä♥❣✐❣ ❣❡♠❛❝❤t ✇❡r❞❡♥ ❦♦♥♥t❡♥✳
❉✐❡s ✐st ✇❛❤rs❝❤❡✐♥❧✐❝❤ ❞✉r❝❤ ❞✐❡ ❲✐❡❞❡r❤❡rst❡❧❧✉♥❣ ❞❡r ❉❡♥❞r✐t❡♥str✉❦t✉r ❡r③❡✉❣t ✇♦r❞❡♥✳
■♠ ③✇❡✐t❡♥ ❆❜s❝❤♥✐tt ♠❡✐♥❡r ❆r❜❡✐t✱ ❤❛❜❡♥ ✇✐r ❞✐❡ ❘♦❧❧❡ ✈♦♥ ❉◆❆ ▼❡t❤②❧tr❛♥s❢❡r❛s❡♥ ✭❉◆✲
▼❚s✮ ❜❡✐ ❞❡r ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ✉♥t❡rs✉❝❤t✳ ❲✐r ❤❛❜❡♥ ❤❡r❛✉s❣❡❢✉♥❞❡♥✱ ❞❛ss ❞✐❡ ❉◆▼❚✸❛✷
✈♦♥ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡♥ r❡❣✉❧✐❡rt ✇✐r❞ ✉♥❞ ❞✉r❝❤ ♥❡✉r♦♥❛❧❡ ❆❦t✐✈✐tät ✐♥❞✉③✐❡rt ✇✐r❞✳ ❉❡s
❲❡✐t❡r❡♥ ❦♦♥♥t❡♥ ✇✐r ③❡✐❣❡♥✱ ❞❛ss ❞✐❡ ▼❡♥❣❡ ✈♦♥ ❉◆▼❚✸❛✷ ❞✐❡ ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ✐♥ ▼ä✉s❡♥
❜❡❞✐♥❣t✳ ❊✐♥❡ ❙❡♥❦✉♥❣ ❞❡r ❉◆▼❚✸❛✷ ❊①♣r❡ss✐♦♥ ❤❛t ③✉ ●❡❞ä❝❤t♥✐s✈❡r❧✉st❡♥ ❣❡❢ü❤rt ✉♥❞
❛❧t❡rs❛❜❤ä♥❣✐❣❡ ●❡❞ä❝❤t♥✐s❞❡✜③✐t❡ ❣✐♥❣❡♥ ♠✐t ❡✐♥❡r ❣❡r✐♥❣❡r❡♥ ▼❡♥❣❡ ❛♥ ❉◆▼❚✸❛✷ ❡✐♥❤❡r✳
◆❛❝❤❞❡♠ ❞✐❡ ▼❡♥❣❡ ✈♦♥ ❉◆▼❚✸❛✷ ✐♥ ❛❧t❡♥ ▼ä✉s❡♥ ✇✐❡❞❡r❤❡r❣❡st❡❧❧t ✇✉r❞❡✱ ✈❡r❜❡ss❡rt❡ s✐❝❤
❛✉❝❤ ❞✐❡ ●❡❞ä❝❤t♥✐s❢✉♥❦t✐♦♥✳ ❆✉ß❡r❞❡♠ ❦♦♥♥t❡♥ ✇✐r ③❡✐❣❡♥✱ ❞❛ss ❞✐❡ ❊①♣r❡ss✐♦♥ ✈♦♥ ❉◆▼❚✸❛✷
♠✐t ❞❡r ▼❡♥❣❡ ❞❡r ❣❧♦❜❛❧❡♥ ▼❡t❤②❧✐❡r✉♥❣ ❦♦rr❡❧✐❡rt✳ ❩✉sät③❧✐❝❤ ❦♦♥♥t❡♥ ✇✐r ♠✐t ❆❘❈ ✉♥❞
❇❉◆❋ ③✇❡✐ ❞❡r ❩✐❡❧❣❡♥❡ ✈♦♥ ❉◆▼❚✸❛✷ ❜❡st✐♠♠❡♥ ✭❖❧✐✈❡✐r❛ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳
✸
■♠ ❞r✐tt❡♥ ❚❡✐❧ ♠❡✐♥❡r ❆r❜❡✐t✱ ❤❛❜❡ ✐❝❤ ✉♥t❡rs✉❝❤t✱ ♦❜ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❛✉❝❤ ❜❡✐ ❞❡r
❆♥❣st❡①t✐♥❦t✐♦♥ ❡✐♥❡ ❘♦❧❧❡ s♣✐❡❧❡♥✳ ❆♥❣st❡①t✐♥❦t✐♦♥ ✇✐r❞ r♦✉t✐♥❡♠äß✐❣ ❛❧s ❡✐♥ ▼♦❞❡❧ ❞❡r
♣♦sttr❛✉♠❛t✐s❝❤❡♥ ❇❡✇✉ssts❡✐♥sstör✉♥❣ ❣❡♥✉t③t✳ ❊s ✐st ✇❡✐t❣❡❤❡♥❞ ❛❦③❡♣t✐❡rt✱ ❞❛ss ✇ä❤r❡♥❞
❞❡r ❊①t✐♥❦t✐♦♥ ✈♦♥ ❆♥❣st ❡✐♥❡ ♥❡✉❡ ❊r✐♥♥❡r✉♥❣ ❛✉❢❣❡❜❛✉t ✇✐r❞✱ ❞✐❡ ❞✐❡ ✈♦r❤❡r✐❣❡ ❊r✐♥♥❡r✉♥❣
✉♥t❡r❞rü❝❦t✳ ❊s ✐st ❜❡r❡✐ts ❜❡❦❛♥♥t✱ ❞❛ss s♦✇♦❤❧ ❜❡✐ ❞❡r ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ❛❧s ❛✉❝❤ ❜❡✐ ❞❡r
❆♥❣st❡①t✐♥❦t✐♦♥ ❡✐♥✐❣❡ ❣❧❡✐❝❤❡ ▼❡❝❤❛♥✐s♠❡♥ ❛✉❢tr❡t❡♥✳ ❙t✉❞✐❡♥✱ ❞✐❡ s✐❝❤ ♠✐t ❞❡r ◆♦t✇❡♥❞✐❣❦❡✐t
❞❡r ●❡♥tr❛♥s❦r✐♣t✐♦♥ ✇ä❤r❡♥❞ ❞❡r ❆♥❣st❡①t✐♥❦t✐♦♥ ❜❡s❝❤ä❢t✐❣❡♥✱ ③❡✐❣❡♥ ❥❡❞♦❝❤ ❦♦♥tr♦✈❡rs❡
❊r❣❡❜♥✐ss❡ ✭▼❛♠✐②❛ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ▲✐♥ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ❱✐❛♥♥❛ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ■♥ ♠❡✐♥❡r ❆r❜❡✐t
❤❛❜❡ ✐❝❤ ❣❡③❡✐❣t✱ ❞❛ss ❤✐♣♣♦❝❛♠♣❛❧❡ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❜❡✐ ❞❡r ❆♥❣st❡①t✐♥❦t✐♦♥ ❡✐♥❡ ✇✐❝❤t✐❣❡
❘♦❧❧❡ s♣✐❡❧❡♥✳ ❉✐❡s❡s ❘❡s✉❧t❛t ✇❡✐sst ❞❛r❛✉❢❤✐♥✱ ❞❛ss ●❡♥tr❛♥s❦r✐♣t✐♦♥ ✐♠ ❍✐♣♣♦❝❛♠♣✉s ❢ür
❞✐❡ ❊①t✐♥❦t✐♦♥ ❞❡r ❆♥❣st ❜❡♥öt✐❣t ✇✐r❞✳ ❇❡rü❝❦s✐❝❤t✐❣t ♠❛♥ ③✉sät③❧✐❝❤ ❞❛s ❊r❣❡❜♥✐s ❞❡s
❡rst❡♥ ❚❡✐❧❛❜s❝❤♥✐tt❡s ♠❡✐♥❡r ❆r❜❡✐t✱ ❞❡r ③❡✐❣t ❞❛ss ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❢ür ❞✐❡ ❊r❤❛❧t✉♥❣
❞❡r ❉❡♥❞r✐t❡♥str✉❦t✉r ✇✐❝❤t✐❣ s✐♥❞✱ s♦ ✐st ❡s ❛✉ß❡r❞❡♠ ✇❛❤rs❝❤❡✐♥❧✐❝❤✱ ❞❛ss ❞❡r ❊r❤❛❧t ❞❡r
❆r❝❤✐t❡❦t✉r ❞❡s ❉❡♥❞r✐t❡♥❜❛✉♠❡s ❡✐♥❡ ✇❡✐t❡r❡ ❱♦r❛✉ss❡t③✉♥❣ ❢ür ❞✐❡ ❆♥❣st❡①t✐♥❦t✐♦♥ ❞❛rst❡❧❧t✳
❩✉s❛♠♠❡♥❢❛ss❡♥❞ ❤❛❜❡ ✐❝❤ ✐♥ ❞✐❡s❡r ❆r❜❡✐t ❣❡③❡✐❣t✱ ❞❛ss ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❢ür ③✇❡✐ ❦♦❣♥✐t✐✈❡
Pr♦③❡ss❡✱ ♥ä♠❧✐❝❤ ❞❡r ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ✉♥❞ ❞❡r ❆♥❣st❡①t✐♥❦t✐♦♥✱ ❡✐♥❡ ❡ss❡♥③✐❡❧❧❡ ❘♦❧❧❡ s♣✐❡❧❡♥✳
❉❡s ❲❡✐t❡r❡♥ ❤❛❜❡ ✐❝❤ ❍✐♥✇❡✐s❡ ❣❡❧✐❡❢❡rt✱ ❞❛ss ❱❊●❋❉✱ ✇❡❧❝❤❡s ❞✉r❝❤ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡
r❡❣✉❧✐❡rt ✇✐r❞✱ ③✉r ❆✉❢r❡❝❤t❡r❤❛❧t✉♥❣ ❞❡r ❉❡♥❞r✐t❡♥str✉❦t✉r ❜❡✐trä❣t✳ ❉❡r ❊r❤❛❧t ❞❡r ❉❡♥✲
❞r✐t❡♥str✉❦t✉r ❡r❧❛✉❜t ❡s ❞❡r ◆❡r✈❡♥③❡❧❧❡ ■♥❢♦r♠❛t✐♦♥❡♥ ③✉ ✈❡r❛r❜❡✐t❡♥✱ ❞✐❡ ❢ür ❧❛♥❣❢r✐st✐❣❡
❆♥♣❛ss✉♥❣❡♥ ❜❡♥öt✐❣t ✇❡r❞❡♥✳ ❩✉sät③❧✐❝❤ r❡❣✉❧✐❡r❡♥ ❑❡r♥❦❛❧③✐✉♠s✐❣♥❛❧❡ ❉◆▼❚✸❛✷ ✉♥❞ ✇✐r
❤❛❜❡♥ ❣❡③❡✐❣t✱ ❞❛ss ❞✐❡ ▼❡♥❣❡ ✈♦♥ ❉◆▼❚✸❛✷ ❡✐♥❡♥ ❊✐♥✢✉ss ❛✉❢ ❞✐❡ ●❡❞ä❝❤t♥✐s❜✐❧❞✉♥❣ ❜❡✐
▼ä✉s❡♥ ❤❛t✳ ❆❧t❡rs❛❜❤ä♥❣✐❣❡ ●❡❞ä❝❤t♥✐s❞❡✜③✐t❡ ❦♦♥♥t❡♥ ❞✉r❝❤ Ü❜❡r❡①♣r❡ss✐♦♥ ✈♦♥ ❉◆▼❚✸❛✷
✇✐❡❞❡r❤❡r❣❡st❡❧❧t ✇❡r❞❡♥✳
✹
✹ ■♥tr♦❞✉❝t✐♦♥
✬❲❡ ❛r❡ ✇❤❛t ✇❡ ❛r❡ ❜❡❝❛✉s❡ ♦❢
✇❤❛t ✇❡ ❧❡❛r♥ ❛♥❞ ✇❤❛t ✇❡ r❡♠❡♠❜❡r✳✬
❊r✐❝ ❑❛♥❞❡❧✱ ◆♦❜❡❧ ♣r✐③❡ ✇✐♥♥❡r
■♥ ♦✉r ❡✈❡r②❞❛② ❧✐❢❡✱ ✇❡ ❞❡♣❡♥❞ ♦♥ ♦✉r ❛❜✐❧✐t② t♦ ❧❡❛r♥ ❛♥❞ ♠❡♠♦r✐③❡ t❤✐♥❣s✳ ❑♥♦✇✐♥❣ ❤♦✇ t♦
r✐❞❡ t❤❡ ❜✐❦❡✱ t♦ r❡♠❡♠❜❡r ✇❤✐❝❤ ✐♥❣r❡❞✐❡♥ts ✇❡ ❥✉st ❛❞❞❡❞ ✇❤✐❧❡ ♣r❡♣❛r✐♥❣ ❛ ♠❡❛❧ ♦r t♦ r❡❝❛❧❧
t❤❛t ✇❡ ♥❡❡❞ t♦ ❣♦ t♦ t❤❡ ❣r♦❝❡r② st♦r❡ ❛❢t❡r ✇♦r❦ ❛r❡ ❥✉st ❛ ❢❡✇ ❡①❛♠♣❧❡s✳ ❙♦♠❡ ♦❢ t❤❡ ♠❡♠♦r✐❡s
✇❡ r❡❝❛❧❧ ✉♥❝♦♥s❝✐♦✉s❧② ✭✐♠♣❧✐❝✐t ♠❡♠♦r②✮✱ s✉❝❤ ❛s ❤♦✇ t♦ r✐❞❡ ❛ ❜✐❦❡✱ ✇❤✐❧❡ ✇❡ r❡♠❡♠❜❡r ♦t❤❡rs
❝♦♥s❝✐♦✉s❧② ✭❡①♣❧✐❝✐t ♠❡♠♦r✐❡s✮✳ ❊①♣❧✐❝✐t ♠❡♠♦r✐❡s ❝❛♥ ❜❡ ❢✉rt❤❡r ❞✐✈✐❞❡❞ ✐♥ ❡♣✐s♦❞✐❝ ❛♥❞
s❡♠❛♥t✐❝ ♠❡♠♦r✐❡s✳ ❊♣✐s♦❞✐❝ ♠❡♠♦r✐❡s ❛r❡ ♠❡♠♦r✐❡s ❛❜♦✉t ❛♥ ❡✈❡♥t ✭r❡♠❡♠❜❡r✐♥❣ ②♦✉r ✜rst
❞❛② ✐♥ s❝❤♦♦❧✮✱ ✇❤❡r❡❛s s❡♠❛♥t✐❝ ♠❡♠♦r✐❡s ❛r❡ ♠❡♠♦r✐❡s ❛❜♦✉t ❛ ❢❛❝t ✭t❤❡ ❜✐rt❤❞❛② ♦❢ ②♦✉r ❜❡st
❢r✐❡♥❞✮✳ ❆s ♠❡♠♦r✐❡s ❤❛✈❡ s✉❝❤ ❛ ❣r❡❛t ✐♠♣❛❝t ♦♥ ♦✉r ❧✐❢❡✱ ✐t ✐s ♥♦t s✉r♣r✐s✐♥❣ t❤❛t✱ ❢♦r ♠❛♥②
❞❡❝❛❞❡s✱ r❡s❡❛r❝❤❡rs ❤❛✈❡ ❜❡❡♥ tr②✐♥❣ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♠❡❝❤❛♥✐s♠s t❤❛t ✉♥❞❡r❧✐❡ ♠❡♠♦r②
❢♦r♠❛t✐♦♥✳ ❇✉t ❡✈❡♥ ❛❢t❡r ♠❛♥② ②❡❛rs ♦❢ r❡s❡❛r❝❤✱ ✇❡ ❛r❡ st✐❧❧ ♦♥❧② ❜❡❣✐♥♥✐♥❣ t♦ ✉♥❞❡rst❛♥❞
❤♦✇ ✇❡ ❡♥❝♦❞❡✱ st♦r❡ ❛♥❞ r❡tr✐❡✈❡ ✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ❞✐s❡❛s❡s t❤❛t ❛✛❡❝t ♣❡♦♣❧❡s✬ ♠❡♠♦r②
s✉❝❤ ❛s ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡✱ r❡♠✐♥❞ ✉s ♦❢ t❤❡ ✐♠♣♦rt❛♥❝❡ t♦ ❝♦♥t✐♥✉❡ ✇✐t❤ ♦✉r st✉❞✐❡s ♦♥
♠❡♠♦r② ♣r♦❝❡ss❡s✳
■♥ ❛❞❞✐t✐♦♥ t♦ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠❡❝❤❛♥✐s♠s ✐♥✈♦❧✈❡❞ ✐♥ ❤♦✇ ✇❡ ❧❡❛r♥✱ ✐t ✐s ❛❧s♦ ♦❢ ❣r❡❛t
r❡❧❡✈❛♥❝❡ t♦ ✐♥✈❡st✐❣❛t❡ ❤♦✇ ✇❡ ❢♦r❣❡t ♦r ❡①t✐♥❣✉✐s❤ ♠❡♠♦r②✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t
❢♦r ♣❡♦♣❧❡ ✇❤♦ ❞❡✈❡❧♦♣ ♣♦st✲tr❛✉♠❛t✐❝ str❡ss ❞✐s♦r❞❡r ✭P❚❙❉✮ ❛❢t❡r tr❛✉♠❛t✐❝ ❡✈❡♥ts ❛♥❞ ❢♦r
♣❡♦♣❧❡ ✇✐t❤ ♣❤♦❜✐❛s✳ ❚❤♦✉❣❤ s♦♠❡ t❤❡r❛♣✐❡s✱ s✉❝❤ ❛s ❡①♣♦s✉r❡ t❤❡r❛♣②✱ ❝❛♥ ♣❛rt❧② ❤❡❧♣ t❤❡
♣❛t✐❡♥ts t♦ r❡❞✉❝❡ ❢❡❛r ❛♥❞ ❛♥①✐❡t②✱ t❤♦s❡ t❤❡r❛♣✐❡s ❛r❡ ♦❢t❡♥ s❤♦rt✲❧✐✈❡❞✱ ❛s t❤❡ ❢❡❛r ♦r ❛♥①✐❡t②
✐s ✉s✉❛❧❧② ♦♥❧② s✉♣♣r❡ss❡❞ ❜✉t ♥♦t ❡r❛s❡❞ ✭❇♦✉t♦♥ ✭✶✾✽✽✮✮✳
❚❤✐s t❤❡s✐s ❛✐♠s t♦ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡ ❛s♣❡❝ts ♦❢ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ♠❡♠♦r②✱
t❤❡ ❧❛tt❡r s❡r✈✐♥❣ ❛s ❛ ♠♦❞❡❧ t♦ st✉❞② P❚❙❉✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ♠♦❧❡❝✉❧❛r ❛♥❞ str✉❝t✉r❛❧
♠❡❝❤❛♥✐s♠s ✉♥❞❡r❧②✐♥❣ ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ✭▲❚▼✮ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ♠❡♠♦r② ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞✳
✹✳✶ ▲❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r②✲ ❛ ❢♦❝✉s ♦♥ ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣
❍♦✇ ❞♦ ✇❡ ❢♦r♠ ♠❡♠♦r✐❡s❄ ❍♦✇ ❞♦❡s ❛ ♠❡♠♦r② ❜❡❝♦♠❡ ❧♦♥❣✲❧❛st✐♥❣❄ ❲❤❛t ✐s r❡q✉✐r❡❞ t♦
r❡♠❡♠❜❡r t❤✐♥❣s ♥♦t ♦♥❧② ❢♦r ❛ s❤♦rt t✐♠❡ ❜✉t ❢♦r ❞✉r❛t✐♦♥s ✉♣ t♦ ❛ ❧✐❢❡t✐♠❡❄ ❚✇♦ ✐♠♣♦rt❛♥t
❢❡❛t✉r❡s t❤❛t ❞✐st✐♥❣✉✐s❤ s❤♦rt✲t❡r♠ ❢r♦♠ ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❛r❡ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ❛♥❞ ♣r♦t❡✐♥
s②♥t❤❡s✐s✳ ❙❤♦rt✲❧❛❜✐❧❡ ♠❡♠♦r✐❡s ❞♦ ♥♦t r❡q✉✐r❡ ❣❡♥❡ ❡①♣r❡ss✐♦♥✱ ❤♦✇❡✈❡r ✐♥ ♦r❞❡r t♦ ❢♦r♠ ▲❚▼✱
✺
✇❡ ♥❡❡❞ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ♥❡✇ ♣r♦t❡✐♥s ✭❇❛r♦♥❞❡s ❛♥❞ ❈♦❤❡♥ ✭✶✾✻✽✮✱▼♦♥t❛r♦❧♦ ❡t ❛❧✳ ✭✶✾✽✻✮✱
❑❛t❝❤❡ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ❈❛❧❝✐✉♠ s✐❣♥❛❧s ❛r❡ ❦❡② ♠❡❞✐❛t♦rs t❤❛t r❡❣✉❧❛t❡ t❤❡s❡ ♣r♦❝❡ss❡s ❛♥❞
❤❡❧♣ t♦ tr❛♥s❢❡r ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ s②♥❛♣s❡ t♦ t❤❡ ♥✉❝❧❡✉s✳ ❈❛❧❝✐✉♠ ✐♥✢✉① t♦ t❤❡ ❝❡❧❧✱ ❛s
✇❡❧❧ ❛s ✐ts r❡❧❡❛s❡ ❢r♦♠ ✐♥t❡r♥❛❧ st♦r❡s✱ ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ ❝❛❧❝✐✉♠ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❚❤✐s ✐♥❝r❡❛s❡
❝❛♥ ❞✐✛❡r ✐♥ ❞✉r❛t✐♦♥✱ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❧♦❝❛❧✐s❛t✐♦♥ ❛♥❞✱ ✐♥ t✉r♥✱ ❝❛♥ ❛✛❡❝t ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥
✭❇❛❞✐♥❣ ❡t ❛❧✳ ✭✶✾✾✸✮✱ ❍❛r❞✐♥❣❤❛♠ ❡t ❛❧✳ ✭✶✾✾✼✮✮✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ■ ✇✐❧❧ ❞❡s❝r✐❜❡ s✐❣♥❛❧❧✐♥❣
♣❛t❤✇❛②s t❤❛t ❛r❡ ❛❝t✐✈❛t❡❞ ❜② ✐♥❝r❡❛s❡s ✐♥ ❝❛❧❝✐✉♠ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞ ✇❤♦s❡ ❛❝t✐✈❛t✐♦♥ ❧❡❛❞
t♦ ❧♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛✐t♦♥ ✭▲❚P✮ ♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳
✹✳✶✳✶ ❙✐❣♥❛❧❧✐♥❣ ♣❛t❤✇❛②s r❡❣✉❧❛t✐♥❣ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✐♥ ❧♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛t✐♦♥
■♥✐t✐❛❧ st✉❞✐❡s ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠♦❧❡❝✉❧❛r ❛♥❞ ❝❡❧❧✉❧❛r ♠❡❝❤❛♥✐s♠s ♦❢ ♠❡♠♦r② ♠❛✐♥❧②
❛♥❛❧②s❡❞ ❧♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛t✐♦♥ ✭▲❚P✮✱ ❛♥ ✐♥ ✈✐tr♦ ❤♦♠♦❧♦❣✉❡ ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳ ■t ✇❛s
s❤♦✇♥ t❤❛t s②♥❛♣t✐❝ ❛❝t✐✈✐t② ❝❛♥ ✐♥❞✉❝❡ t✇♦ ❢♦r♠s ♦❢ ▲❚P✱ ❛♥ ❡❛r❧② ♣❤❛s❡ ✭❊✲▲❚P✮ t❤❛t ❞♦❡s
♥♦t r❡q✉✐r❡ ♣r♦t❡✐♥ s②♥t❤❡s✐s ❛♥❞ ❛ ❧❛t❡ ♣❤❛s❡ ✭▲✲▲❚P✮ t❤❛t ❞♦❡s r❡q✉✐r❡ ♣r♦t❡✐♥ s②♥t❤❡s✐s ✭❑r✉❣
❡t ❛❧✳ ✭✶✾✽✹✮✱ ❋r❡② ❡t ❛❧✳ ✭✶✾✽✽✮✮✳ ■t ✐s ♥♦✇ ✇✐❞❡❧② ❛❝❝❡♣t❡❞ t❤❛t t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ▲✲▲❚P r❡q✉✐r❡s
❝♦♠♠✉♥✐❝❛t✐♦♥ ❢r♦♠ t❤❡ s②♥❛♣s❡ t♦ t❤❡ ♥✉❝❧❡✉s✱ ✉s✐♥❣ ❝❛❧❝✐✉♠ ❛s ❛ ♠❡❞✐❛t♦r ✐♥ t❤✐s ♣r♦❝❡ss✳ ❆s
❛♥ ✐♥✐t✐❛❧ st❡♣✱ ❝❛❧❝✐✉♠ ❤❛s t♦ ❡♥t❡r t❤❡ ❝❡❧❧✱ ❡✐t❤❡r t❤r♦✉❣❤ ❧✐❣❛♥❞✲❣❛t❡❞ ◆✲♠❡t❤②❧✲❉✲❛s♣❛rt❛t❡
✭◆▼❉❆✮ r❡❝❡♣t♦rs ♦r ✈♦❧t❛❣❡✲❣❛t❡❞ ❝❛❧❝✐✉♠ ❝❤❛♥♥❡❧s ✭❱●❈❈s✮ ✭❇❛❞✐♥❣ ❡t ❛❧✳ ✭✶✾✾✸✮✱ ❇❛❞✐♥❣
❡t ❛❧✳ ✭✶✾✾✺✮✮✳ ■♥ ♦r❞❡r t♦ ❛❧❧♦✇ ❝❛❧❝✐✉♠ t♦ ♣❛ss t❤r♦✉❣❤ ◆▼❉❆ r❡❝❡♣t♦rs✱ t✇♦ t❤✐♥❣s ❤❛✈❡
t♦ ❤❛♣♣❡♥ s✐♠✉❧t❛♥❡♦✉s❧②❀ ❤❡♥❝❡✱ t❤❡ ◆▼❉❆ r❡❝❡♣t♦r ✐s ♦❢t❡♥ r❡❢❡rr❡❞ t♦ ❛s ❛ ❝♦✐♥❝✐❞❡♥❝❡
❞❡t❡❝t♦r ✭❇❧✐ss ❛♥❞ ❈♦❧❧✐♥❣r✐❞❣❡ ✭✶✾✾✸✮✮✳ ●❧✉t❛♠❛t❡ r❡❧❡❛s❡❞ ❢r♦♠ t❤❡ ♣r❡s②♥❛♣t✐❝ t❡r♠✐♥❛❧
♥❡❡❞s t♦ ❜✐♥❞ t♦ t❤❡ r❡❝❡♣t♦r✱ ❛♥❞ ❛❞❞✐t✐♦♥❛❧❧② ♠❛❣♥❡s✐✉♠✱ ✇❤✐❝❤ ❜❧♦❝❦s t❤❡ ◆▼❉❆ r❡❝❡♣t♦r
✉♥❞❡r r❡st✐♥❣ ❝♦♥❞✐t✐♦♥s✱ ♥❡❡❞s t♦ ❜❡ ❡①♣❡❧❧❡❞ ✭▼❛②❡r ❡t ❛❧✳ ✭✶✾✽✹✮✱ ◆♦✇❛❦ ❡t ❛❧✳ ✭✶✾✽✹✮✮✳
❚❤❡ ❧❛tt❡r ✐s ❛❝❤✐❡✈❡❞ ❜② s♦❞✐✉♠ ❛♥❞ ♣♦t❛ss✐✉♠ ✢♦✇ t❤r♦✉❣❤ α✲❛♠✐♥♦✲✸✲❤②❞r♦①②✲✺✲♠❡t❤②❧✲
✹✲✐s♦①❛③♦❧❡♣r♦♣✐♦♥✐❝ ❛❝✐❞ ✭❆▼P❆✮ r❡❝❡♣t♦rs✱ r❡s✉❧t✐♥❣ ✐♥ ♣r♦❧♦♥❣❡❞ ♠❡♠❜r❛♥❡ ❞❡♣♦❧❛r✐③❛t✐♦♥✳
❯♣♦♥ ❞❡♣♦❧❛r✐③❛t✐♦♥✱ ▲✲t②♣❡ ❱●❈❈s ❛❧s♦ ❣❡t ❛❝t✐✈❛t❡❞ ❛♥❞ ❝❛❧❝✐✉♠ ❝❛♥ ❡♥t❡r t❤r♦✉❣❤ ❜♦t❤
▲✲t②♣❡ ❱●❈❈s ❛♥❞ ◆▼❉❆ r❡❝❡♣t♦rs ✭◆♦✇❛❦ ❡t ❛❧✳ ✭✶✾✽✹✮✮✳ ■♥tr❛❝❡❧❧✉❧❛r ❝❛❧❝✐✉♠ ❝❛♥✱ ✐♥ t✉r♥✱
❜✐♥❞ t♦ ❝❛❧♠♦❞✉❧✐♥ ✭❈❛▼✮ ❛♥❞ ❝❛♥ ❤❡♥❝❡ ✐♥✐t✐❛t❡ ❛ ❝❤❛✐♥ ♦❢ s✐❣♥❛❧❧✐♥❣ ❝❛s❝❛❞❡s✳ ❈❛❧❝✐✉♠✲
❜♦✉♥❞ ❈❛▼ ❝❛♥ ❛❝t✐✈❛t❡✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ ❡♥③②♠❡ ❛❞❡♥②❧②❧ ❝②❝❧❛s❡ ✭❆❈✮✱ ❧❡❛❞✐♥❣ t♦ t❤❡
❛❝t✐✈❛t✐♦♥ ♦❢ t❤❡ ❝❆▼P✲❞❡♣❡♥❞❡♥t ♣r♦t❡✐♥ ❦✐♥❛s❡ ❆ ✭P❑❆✮✳ ❈❛❧❝✐✉♠ ❛♥❞ ❝❛❧❝✐✉♠✲❜♦✉♥❞
❈❛▼ ❝❛♥ ❢✉rt❤❡r ❛❝t✐✈❛t❡ ♠✐t♦❣❡♥✲❛❝t✐✈❛t❡❞ ♣r♦t❡✐♥ ❦✐♥❛s❡ ✭▼❆P❑✮✱ ♣r♦t❡✐♥ ♣❤♦s♣❤❛t❛s❡
❛♥❞ ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥✲❞❡♣❡♥❞❡♥t ♣r♦t❡✐♥ ❦✐♥❛s❡s ✭❈❛▼❑s✮ ✭❘♦s❡♥ ❡t ❛❧✳ ✭✶✾✾✹✮✱ ❲❡st ❡t ❛❧✳
✭✷✵✵✷✮✱ ❇❡♥❣ts♦♥ ❛♥❞ ❇❛❞✐♥❣ ✭✷✵✶✷✮✮✳ ❖❢ t❤♦s❡ ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ♣❛t❤✇❛②s✱ ♠❛✐♥❧② ▼❆P❑
❛♥❞ ❈❛▼❑s ❛r❡ ❦♥♦✇♥ t♦ ♣❤♦s♣❤♦r②❧❛t❡ ❝②❝❧✐❝ ❆▼P ✭❝❆▼P✮ r❡s♣♦♥s❡ ❡❧❡♠❡♥t ❜✐♥❞✐♥❣ ♣r♦t❡✐♥
✭❈❘❊❇✮ ❛t ❙❡r✶✸✸ ✭❈❤❛✇❧❛ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❍❛r❞✐♥❣❤❛♠ ❡t ❛❧✳ ✭✶✾✾✾✮✮✳ ❚❤✐s ✐s ❛♥ ✐♠♣♦rt❛♥t st❡♣✱
✻
cAMP
PKA
MAPK/
ERK
CaMKII
CaMKIV
CaM
CaM
CaM
CBP
CREB
Plasma membrane
cytoplasmnucleus
2+Ca
Glutamate
+Na
Phosphorylation
AC
L-VGCC
AMPARNMDAR
❋✐❣✉r❡ ✶✿ ❈❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ s✐❣♥❛❧❧✐♥❣ ♣❛t❤✇❛②s ❧❡❛❞ t♦ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥
r❡q✉✐r❡❞ ❢♦r ❧♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛t✐♦♥ ❛♥❞ ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳
❈❛❧❝✐✉♠ ❡♥t❡rs t❤❡ ❝❡❧❧s ✈✐❛ ◆▼❉❆ r❡❝❡♣t♦rs ❛♥❞ ▲✲t②♣❡ ❱●❈❈s✳ ■♥s✐❞❡ t❤❡ ❝❡❧❧✱
❝❛❧❝✐✉♠ ❝❛♥ ❜✐♥❞ t♦ ❝❛❧♠♦❞✉❧✐♥✱ t❤❡r❡❜② ❛❝t✐✈❛t✐♥❣ s❡✈❡r❛❧ s✐❣♥❛❧❧✐♥❣ ❝❛s❝❛❞❡s✱
❧❡❛❞✐♥❣ t♦ t❤❡ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ♦❢ ❈❘❊❇✳ ■♥s✐❞❡ t❤❡ ♥✉❝❧❡✉s✱ ❈❛▼❑■❱ ❣❡ts
❛❝t✐✈❛t❡❞ ✈✐❛ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥✳ ❈❛▼❑■❱ ✐s t❤❡ ♦♥❧② ❦♥♦✇♥ ❦✐♥❛s❡
t❤❛t ❝❛♥ ♣❤♦s♣❤♦r②❧❛t❡ ❈❇P ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❝❛♥ ✐♥✐t✐❛t❡ ❈❘❊❇✴❈❇P✲❞❡♣❡♥❞❡♥t
tr❛♥s❝r✐♣t✐♦♥✳
◆✲♠❡t❤②❧✲❉✲❛s♣❛rt❛t❡ r❡❝❡♣t♦rs✱ ◆▼❉❆❘❀ α✲❛♠✐♥♦✲✸✲❤②❞r♦①②✲✺✲♠❡t❤②❧✲✹✲
✐s♦①❛③♦❧❡♣r♦♣✐♦♥✐❝ ❛❝✐❞ r❡❝❡♣t♦rs✱ ❆▼P❆❘❀ ▲✲t②♣❡ ✈♦❧t❛❣❡✲❣❛t❡❞ ❝❛❧❝✐✉♠ ❝❤❛♥♥❡❧s✱
▲✲t②♣❡ ❱●❈❈❀ ❛❞❡♥②❧②❧ ❝②❝❧❛s❡✱ ❆❈❀ ❝❛❧♠♦❞✉❧✐♥✱ ❈❛▼❀ ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥✲
❞❡♣❡♥❞❡♥t ♣r♦t❡✐♥ ❦✐♥❛s❡✱ ❈❛▼❑❀ ❝②❝❧✐❝ ❆▼P✱ ❝❆▼P❀ ♣r♦t❡✐♥ ❦✐♥❛s❡ ❆✱
P❑❆❀ ♠✐t♦❣❡♥✲❛❝t✐✈❛t❡❞ ♣r♦t❡✐♥ ❦✐♥❛s❡✴❡①tr❛❝❡❧❧✉❧❛r✲s✐❣♥❛❧✲r❡❣✉❧❛t❡❞ ❦✐♥❛s❡✱
▼❆P❑✴❊❘❑❀ ❝❆▼P r❡s♣♦♥s❡ ❡❧❡♠❡♥t ❜✐♥❞✐♥❣ ♣r♦t❡✐♥✱ ❈❘❊❇❀ ❈❘❊❇ ❜✐♥❞✐♥❣
♣r♦t❡✐♥✱ ❈❇P✳
✼
❛s ▲❚P ❛♥❞ ▲❚▼ r❡q✉✐r❡ t❤❡ ✐♥✐t✐❛t✐♦♥ ♦❢ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✈✐❛ ❈❘❊❇ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛♥❞
❈❘❊❇ ❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ✭❈❇P✮ ♣❤♦s♣❤♦r②❧❛t✐♦♥✳ ❲❤✐❧❡ ❈❘❊❇ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❝❛♥ ❜❡ ✐♥✐t✐❛t❡❞
❜② s❡✈❡r❛❧ ❦✐♥❛s❡s✱ ❈❇P ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛t ❙❡r✸✵✶ r❡q✉✐r❡s ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡❞ ❈❛▼❑■❱
✭❈❤❛✇❧❛ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❍❛r❞✐♥❣❤❛♠ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❇❛❞✐♥❣ ✭✷✵✶✸✮✮✳ ❚❤✐s ✉♥❞❡r❧✐❡s t❤❡ ✐♠♣♦rt❛♥❝❡
♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❛♥❞ ✐ts r❡❧❡✈❛♥❝❡ ✐♥ s②♥❛♣t✐❝ ❛❝t✐✈✐t② ❛♥❞ ❧❡❛r♥✐♥❣✲✐♥❞✉❝❡❞ ❣❡♥❡
❡①♣r❡ss✐♦♥ ✭❋✐❣✉r❡ ✶✮✳ ❆ ✈❛r✐❡t② ♦❢ ❣❡♥❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝♦❣♥✐t✐♦♥ ❛r❡ ❛♠♦♥❣ t❤♦s❡ ❣❡♥❡s
t❤❛t ❛r❡ r❡❣✉❧❛t❡❞ ❜② ❈❘❊❇✴❈❇P✲♠❡❞✐❛t❡❞ tr❛♥s❝r✐♣t✐♦♥✳ ❚❤❡s❡ ✐♥❝❧✉❞❡ ❛❝t✐✈✐t②✲r❡❣✉❧❛t❡❞
❝②t♦s❦❡❧❡t♦♥✲❛ss♦❝✐❛t❡❞ ♣r♦t❡✐♥ ✭❆❘❈✮✱ ❜r❛✐♥✲❞❡r✐✈❡❞ ♥❡✉r♦tr♦♣❤✐❝ ❢❛❝t♦r ✭❇❉◆❋✮✱ ♥✉❝❧❡❛r
r❡❝❡♣t♦r s✉❜❢❛♠✐❧② ✹✱ ❣r♦✉♣ ❆✱ ♠❡♠❜❡r ✶ ✭◆r✹❛✶✮ ❛♥❞ ♥❡✉r♦♥❛❧ P❆❙ ❞♦♠❛✐♥ ♣r♦t❡✐♥ ✹ ✭◆P❆❙✹✮
✭❩❤❛♥❣ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳ ◆❡✈❡rt❤❡❧❡ss✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❛❧s♦ r❡❣✉❧❛t❡s ❣❡♥❡ ❡①♣r❡ss✐♦♥
❛♥❞ ♠❡❝❤❛♥✐s♠s ❦♥♦✇♥ t♦ ♣❧❛② ❛ r♦❧❡ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✐♥ ❛ ❈❘❊❇✴❈❇P ✐♥❞❡♣❡♥❞❡♥t
♠❛♥♥❡r✳ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ s❤✉tt❧✐♥❣ ♦❢ ❤✐st♦♥❡ ❞❡❛❝❡t②❧❛s❡s ✭❍❉❆❈s✮
✭❙❝❤❧✉♠♠ ❡t ❛❧✳ ✭✷✵✶✸✮✮ ❛♥❞ ✐s r❡q✉✐r❡❞ ❢♦r ♣❤♦s♣❤♦r②❧❛t✐♦♥ ♦❢ ♠❡t❤②❧ ❈♣● ❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ✷
✭▼❡❈P✷✮ ❛t s❡r✐♥❡ ✹✷✶ ✭❇✉❝❤t❤❛❧ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳ ❋✉rt❤❡r ❡①❛♠♣❧❡s ♦❢ ♠❡♠♦r② r❡❧❡✈❛♥t ❣❡♥❡s t❤❛t
❛r❡ r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛r❡ ✈❛s❝✉❧❛r ❡♥❞♦t❤❡❧✐❛❧ ❣r♦✇t❤ ❢❛❝t♦r ❉ ✭❱❊●❋❉✮ ✭▼❛✉❝❡r✐
❡t ❛❧✳ ✭✷✵✶✶✮✮ ❛♥❞ ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡ ✸❛✷ ✭❉◆▼❚✸❛✷✮ ✭❖❧✐✈❡✐r❛ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳
✹✳✶✳✷ ❈❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ s✐❣♥❛❧❧✐♥❣ ❝❛s❝❛❞❡s r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥
❆t t❤✐s ♣♦✐♥t✱ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ r❡❣❛r❞✐♥❣ ❛❝t✐✈✐t②✲❞❡♣❡♥❞❡♥t ❣❡♥❡ tr❛♥s❝r✐♣✲
t✐♦♥ ✐♥ ▲❚P ❤❛s ❜❡❡♥ ❣✐✈❡♥✳ ❚❤♦✉❣❤ ▲❚P ❞♦❡s ♥♦t ❡q✉❛❧ ♠❡♠♦r②✱ ♠❛♥② ♠❡❝❤❛♥✐s♠s r❡q✉✐r❡❞
❢♦r ▲❚P ❛r❡ ❛❧s♦ ♥❡❝❡ss❛r② ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠❡♠♦r②✳ ❋✐rst✱ st✉❞✐❡s ❤❛✈❡ s❤♦✇♥ t❤❛t ◆▼❉❆
r❡❝❡♣t♦rs ❛r❡ r❡q✉✐r❡❞ ❢♦r ❛ ✈❛r✐❡t② ♦❢ ♠❡♠♦r② t②♣❡s✱ s✉❝❤ ❛s s♣❛t✐❛❧ ♠❡♠♦r② ✭▼♦rr✐s ❡t ❛❧✳
✭✶✾✽✻✮✮✱ ♥♦✈❡❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ ❛♥❞ ❢❡❛r ♠❡♠♦r② ✭❚❛♥❣ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❑✐♠ ❡t ❛❧✳ ✭✶✾✾✶✮✮✳ ❊✈❡♥
t❤♦✉❣❤ t❤❡r❡ ❛r❡ ❝✉rr❡♥t❧② st✉❞✐❡s r❡❛ss❡ss✐♥❣ t❤❡ ❢✉♥❝t✐♦♥s ♦❢ ❤✐♣♣♦❝❛♠♣❛❧ ◆▼❉❆ r❡❝❡♣t♦rs ✐♥
s♣❛t✐❛❧ ♠❡♠♦r②✱ t❤❡ ❣❡♥❡r❛❧ ✐❞❡❛ t❤❛t ◆▼❉❆ r❡❝❡♣t♦rs ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ ❝❡rt❛✐♥ ♠❡♠♦r② ❢✉♥❝t✐♦♥s
✐s ❝✉rr❡♥t❧② ♥♦ ♠❛tt❡r ♦❢ ❞❡❜❛t❡✳ ▲✲t②♣❡ ❱●❈❈s ❤❛✈❡ ❛❧s♦ ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❜❡ r❡❧❡✈❛♥t ❢♦r ❢❡❛r
♠❡♠♦r② ❛♥❞ r❡♠♦t❡ s♣❛t✐❛❧ ♠❡♠♦r② ✭❇❛✉❡r ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❲❤✐t❡ ❡t ❛❧✳ ✭✷✵✵✽✮✮✱ t❤♦✉❣❤ ♦t❤❡r
st✉❞✐❡s r❡♣♦rt t❤❛t ▲✲t②♣❡ ❱●●❙ ❛r❡ ♥♦t r❡q✉✐r❡❞ ❢♦r ❢❡❛r ♠❡♠♦r② ✭❈❛✐♥ ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ●❡♥❡t✐❝
st✉❞✐❡s ❤❛✈❡ r❡✈❡❛❧❡❞ t❤❛t t❤❡ ▲✲t②♣❡ ❱●❈❈ s✉❜t②♣❡ ❈❛✈✶✳✸ ✭▼❝❑✐♥♥❡② ❛♥❞ ▼✉r♣❤② ✭✷✵✵✻✮✮✱
❜✉t ♥♦t t❤❡ s✉❜t②♣❡ ❈❛✈✶✳✷ ✭▼❝❑✐♥♥❡② ❡t ❛❧✳ ✭✷✵✵✽✮✮✱ ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ ❝♦♥s♦❧✐❞❛t✐♦♥ ♦❢ ❢❡❛r
♠❡♠♦r②✳ ❍♦✇❡✈❡r✱ ❤✐♣♣♦❝❛♠♣❛❧ ❈❛✈✶✳✷ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r s♣❛t✐❛❧ ♠❡♠♦r②
✭▼♦♦s♠❛♥❣ ❡t ❛❧✳ ✭✷✵✵✺✮✮✳ ❚❤❡ ❝♦♥tr♦✈❡rs✐❛❧ ✜♥❞✐♥❣s ❢♦r ❜♦t❤ ◆▼❉❆ r❡❝❡♣t♦rs ❛♥❞ ❱●❈❈s
♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦✉r❛❧ ♣r♦t♦❝♦❧s ❛♣♣❧✐❡❞✱ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ✈❡rs✉s ❣❡♥❡t✐❝
❛♣♣r♦❛❝❤❡s ✉s❡❞ ♦r ❞✐✛❡r❡♥t ❜r❛✐♥ ❛r❡❛s t❤❛t ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞✳ ❍❡♥❝❡✱ ❢✉rt❤❡r st✉❞✐❡s ❤❛✈❡ t♦
❜❡ ❝♦♥❞✉❝t❡❞✱ ✇❤✐❝❤ ♠❛② t❤❡♥ ❝♦♥tr✐❜✉t❡ t♦ ♦✉r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❢✉♥❝t✐♦♥❛❧ r♦❧❡ ♦❢ ❝❛❧❝✐✉♠
✽
❝❤❛♥♥❡❧s ✐♥ ❞✐✛❡r❡♥t ❢♦r♠s ♦❢ ♠❡♠♦r②✳
❚❤❡ ❆▼P❆ r❡❝❡♣t♦r s✉❜✉♥✐t ●❧✉❘✶ ✐s ✐♠♣♦rt❛♥t ❢♦r r❡t❡♥t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ❢♦❧❧♦✇✐♥❣ ❛✈❡rs✐✈❡
❧❡❛r♥✐♥❣ ✭▼❡s❝❤❡s ❡t ❛❧✳ ✭✶✾✾✻✮✮ ❛♥❞ r❡t❡♥t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ✐♥ s♣❛t✐❛❧ ♠❡♠♦r② ✭▲❡❡ ❡t ❛❧✳
✭✷✵✵✸✮✮✱ ❢♦r s♣❛t✐❛❧ ✇♦r❦✐♥❣✱ ❜✉t ♥♦t s♣❛t✐❛❧ r❡❢❡r❡♥❝❡ ♠❡♠♦r② ✭❘❡✐s❡❧ ❡t ❛❧✳ ✭✷✵✵✷✮✮ ❛♥❞ ❢♦r
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❧❡❛r♥✐♥❣ ✭❍✉♠❡❛✉ ❡t ❛❧✳ ✭✷✵✵✼✮✮✳ ■t ✇❛s ❢✉rt❤❡r s✉❣❣❡st❡❞ t❤❛t r❡❣✉❧❛t✐♦♥ ♦❢
●❧✉❘✷✲❞❡♣❡♥❞❡♥t ❆▼P❆ r❡❝❡♣t♦r tr❛✣❝❦✐♥❣ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❛✐♥t❛✐♥✐♥❣ ♠❡♠♦r✐❡s ✭▼✐❣✉❡s
❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❚❤❡r❡❢♦r❡✱ ❆▼P❆ r❡❝❡♣t♦r ●❧✉❘✶ ❛♥❞ ●❧✉❘✷ s✉❜✉♥✐ts ❤❛✈❡ ❜♦t❤ ❜❡❡♥ s✉❣❣❡st❡❞
t♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ ♠❡♠♦r② t❛s❦s✱ t❤♦✉❣❤ ❡①❡❝✉t✐♥❣ ❞✐st✐♥❝t ❢✉♥❝t✐♦♥s✳
❆❝t✐✈✐t②✲❞❡♣❡♥❞❡♥t ✐♥✢✉① ♦❢ ❝❛❧❝✐✉♠ t❤r♦✉❣❤ ◆▼❉❆ r❡❝❡♣t♦rs ❛♥❞ ❱●❈❈s r❡❣✉❧❛t❡s ❛ ✈❛r✐❡t②
♦❢ ❞♦✇♥✲str❡❛♠ ❡✈❡♥ts✱ ✐♠♣♦rt❛♥t ♥♦t ♦♥❧② ❢♦r ▲❚P ❜✉t ❛❧s♦ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠❡♠♦r②✳
❉②sr❡❣✉❧❛t✐♦♥ ♦❢ ❆❈ ✶ ❛♥❞ ✽ ❧❡❛❞s t♦ ❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s✱ ❢♦r ❡①❛♠♣❧❡✱ ✐♥ ♣❛ss✐✈❡ ❛✈♦✐❞❛♥❝❡✱
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❛♥❞ s♣❛t✐❛❧ ♠❡♠♦r② ✭❲♦♥❣ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❲✉ ❡t ❛❧✳ ✭✶✾✾✺✮✱ ❙✐♥❞r❡✉ ❡t ❛❧✳
✭✷✵✵✼✮✮✳ ❋✉rt❤❡r t❤❡ ❦✐♥❛s❡s ▼❆P❑✱ P❑❆✱ ❈❛▼❑■■ ❛♥❞ ❈❛▼❑■❱ ❤❛✈❡ ❛❧❧ ❜❡❡♥ ✐♠♣❧✐❝❛t❡❞
✐♥ ♣❧❛②✐♥❣ ❛ r♦❧❡ ✐♥ ❛ss♦❝✐❛t✐✈❡ ♦r s♣❛t✐❛❧ ♠❡♠♦r② ✭❙✐❧✈❛ ❡t ❛❧✳ ✭✶✾✾✷✮✱ ▼❛②❢♦r❞ ❡t ❛❧✳ ✭✶✾✾✻✮✱
❆t❦✐♥s ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❆❜❡❧ ❡t ❛❧✳ ✭✶✾✾✼✮✱ ●✐❡s❡ ❛♥❞ ▼✐③✉♥♦ ✭✷✵✶✸✮✮✳ ❖❢ t❤❡s❡ ❦✐♥❛s❡s✱ ❈❛▼❑■■
✐s ♣r❡s✉♠❛❜❧② t❤❡ ❜❡st st✉❞✐❡❞ ❦✐♥❛s❡✳ ❉②sr❡❣✉❧❛t✐♦♥ ♦❢ ✐ts ❛✉t♦♣❤♦s♣❤♦r❧②❛t✐♦♥ ❛t ❚❤r ✷✽✻✱
❚❤r✸✵✺ ❛♥❞ ❚❤r✸✵✻ ❛♥❞ ♠✉t❛t✐♦♥ ♦❢ t❤❡ ✐s♦❢♦r♠ ❈❛▼❑■■α ❝❛✉s❡ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ ❛ ✈❛r✐❡t②
♦❢ t❛s❦s ✭●✐❡s❡ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❊❧❣❡rs♠❛ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❙✐❧✈❛ ❡t ❛❧✳ ✭✶✾✾✷✮✮✳
▼❡♠♦r② ❢♦r♠❛t✐♦♥ t❤❛t ✐s ❞❡♣❡♥❞❡♥t ♦♥ ❈❘❊❇✴❈❇P ❞❡♣❡♥❞❡♥t tr❛♥s❝r✐♣t✐♦♥ r❡q✉✐r❡s ♥✉❝❧❡❛r
s✐❣♥❛❧❧✐♥❣ ❡✈❡♥ts✳ ❆s ♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ ❈❘❊❇✴❈❇P✲♠❡❞✐❛t❡❞ tr❛♥s❝r✐♣t✐♦♥ ❞❡♣❡♥❞s ♦♥
♥✉❝❧❡❛r ❈❛▼❑■❱ ❛❝t✐✈❛t✐♦♥ ❜② ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ ✭❇❛❞✐♥❣ ✭✷✵✶✸✮✮✳ ❙t✉❞✐❡s ❤❛✈❡ s❤♦✇♥
t❤❛t ✐♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ s✐❣♥❛❧❧✐♥❣ ✐♠♣❛✐r❡❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠❡♠♦r②
✭❲❡✐s❧♦❣❡❧ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ▲✐♠❜ä❝❦✲❙t♦❦✐♥ ❡t ❛❧✳ ✭✷✵✵✹✮✮✳ ❋✉rt❤❡r✱ t❤❡ ❧❡✈❡❧ ♦❢ ♣❤♦s♣❤♦r②❧❛t❡❞
❈❘❊❇ ✭♣❈❘❊❇✮ ❛♥❞ ❡①♣r❡ss✐♦♥ ♦❢ t❛r❣❡t ❣❡♥❡s ✇❛s r❡❞✉❝❡❞✳ ❙t✉❞✐❡s ❡❧✉❝✐❞❛t✐♥❣ t❤❡ r♦❧❡
♦❢ ❈❛▼❑■❱ ❤❛✈❡ s❤♦✇♥ t❤❛t ❈❛▼❑■❱ ✐s ✐♠♣♦rt❛♥t ❢♦r s♣❛t✐❛❧ ♠❡♠♦r② ✭❑❛♥❣ ❡t ❛❧✳ ✭✷✵✵✶✮✮✱
❤♦✇❡✈❡r✱ ✜♥❞✐♥❣s ♦♥ ✐ts r♦❧❡ ✐♥ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❛r❡ ♥♦t ❝♦♥s✐st❡♥t ✭❲❡✐ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❋✉❦✉s❤✐♠❛
❡t ❛❧✳ ✭✷✵✵✽✮✱ ❑❛♥❣ ❡t ❛❧✳ ✭✷✵✵✶✮✮✳ ●✐✈❡♥ ✐ts r♦❧❡ ✐♥ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✱ ✐t ✐s ♥♦t s✉r♣r✐s✐♥❣ t❤❛t
❞✐sr✉♣t✐♦♥ ♦❢ t❤❡ ❈❘❊❇ ❢✉♥❝t✐♦♥ ✐ts❡❧❢ ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ ❛ ✈❛r✐❡t② ♦❢ st✉❞✐❡s t♦ ✐♠♣❛✐r ▲❚▼✳
❚❤❡ r♦❧❡ ♦❢ ❈❘❊❇✴❈❇P✲r❡❣✉❧❛t❡❞ tr❛♥s❝r✐♣t✐♦♥ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡
❞❡t❛✐❧ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥✳
✹✳✶✳✸ ❈❘❊❇✴❈❇P✲♠❡❞✐❛t❡❞ tr❛♥s❝r✐♣t✐♦♥ ✐s ❡ss❡♥t✐❛❧ ❢♦r ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❢♦r✲
♠❛t✐♦♥
❆s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ ❈❘❊❇ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛t ❙❡r✶✸✸ ❛♥❞ ❈❇P ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛t ❙❡r✸✵✶
❛r❡ ❝r✉❝✐❛❧ ❢♦r ❈❘❊❇✴❈❇P✲♠❡❞✐❛t❡❞ tr❛♥s❝r✐♣t✐♦♥✳ ❙❡✈❡r❛❧ st✉❞✐❡s ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❡
✾
✐♠♣♦rt❛♥❝❡ ♦❢ ❈❘❊❇ ❛♥❞ ❈❇P ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ❤♦✇❡✈❡r ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❢✉♥❝t✐♦♥ ♦❢
❈❘❊❇✱ r❡s✉❧ts ❛r❡ ♣❛rt❧② ❝♦♥tr♦✈❡rs✐❛❧✳ ❋✐rst st✉❞✐❡s ♦♥ t❤❡ r♦❧❡ ♦❢ ❈❘❊❇ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
✇❡r❡ ❞♦♥❡ ✐♥ ❆♣❧②s✐❛✳ ❉❛s❤ ❡t ❛❧✳ ✭✶✾✾✵✮ s❤♦✇❡❞ t❤❛t ❧♦♥❣✲t❡r♠ ❢❛❝✐❧✐t❛t✐♦♥✱ ❜✉t ♥♦t s❤♦rt✲
t❡r♠ ❢❛❝✐❧✐t❛t✐♦♥✱ ✇❛s ❜❧♦❝❦❡❞ ❜② ❈❘❊ ♦❧✐❣♦♥✉❝❧❡♦t✐❞❡ ✐♥❥❡❝t✐♦♥s ✐♥t♦ t❤❡ ♥✉❝❧❡✉s ♦❢ s❡♥s♦r②
♥❡✉r♦♥s✳ ■♥ ♠✐❝❡✱ ❈❘❊ ♦❧✐❣♦♥✉❝❧❡♦t✐❞❡ ✐♥❥❡❝t✐♦♥s ✐♥t♦ t❤❡ ❈❆✶ r❡❣✐♦♥ ♦❢ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s
r❡s✉❧t❡❞ ✐♥ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✭❆t❤♦s ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ❆ ✈❛r✐❡t② ♦❢
st✉❞✐❡s ❤❛✈❡ ❝♦♥✜r♠❡❞ t❤❡ r❡q✉✐r❡♠❡♥t ♦❢ ❈❘❊❇ ✐♥ ▲❚▼ ✭■♠♣❡② ❡t ❛❧✳ ✭✶✾✾✽✮✱❑✐❞❛ ❡t ❛❧✳
✭✷✵✵✷✮✱ P✐tt❡♥❣❡r ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ▼✐❝❡ ❞❡✜❝✐❡♥t ✐♥ t❤❡ t✇♦ ❈❘❊❇ ✐s♦❢♦r♠s α ❛♥❞ δ ❞✐s♣❧❛②❡❞
✐♠♣❛✐r♠❡♥ts ✐♥ ❝♦♥t❡①t✉❛❧ ❛♥❞ ❝✉❡❞ ❢❡❛r ♠❡♠♦r② ❛s ✇❡❧❧ ❛s ✐♥ s♣❛t✐❛❧ ♠❡♠♦r② ✭❇♦✉rt❝❤✉❧❛❞③❡
❡t ❛❧✳ ✭✶✾✾✹✮✮✳ ❍♦✇❡✈❡r✱ ❛♥♦t❤❡r st✉❞② r❡♣♦rt❡❞ ♥♦ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts ✐♥ ♠✐❝❡ ❞❡✜❝✐❡♥t
♦❢ t❤❡ t✇♦ ✐s♦❢♦r♠s ✭●❛ss ❡t ❛❧✳ ✭✶✾✾✽✮✮✳ ❚❤❡s❡ ❝♦♥tr♦✈❡rs✐❛❧ ✜♥❞✐♥❣s ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜②
❞✐✛❡r❡♥t ❣❡♥❡t✐❝ ❜❛❝❦❣r♦✉♥❞s ✉s❡❞ ✭▲✐♣♣ ❛♥❞ ❲♦❧❢❡r ✭✶✾✾✽✮✮✳ ❙t✉❞✐❡s ♦♥ t✇♦ ❛❞❞✐t✐♦♥❛❧ ♠♦✉s❡
♠✉t❛♥ts s✉♣♣♦rt t❤❡ ✐❞❡❛ t❤❛t ❈❘❊❇ ✐s ♥❡❝❡ss❛r② ❢♦r ▲❚▼ ❢♦r♠❛t✐♦♥✳ ▼✐❝❡ ❡①♣r❡ss✐♥❣ ❛
❈❘❊❇ ♠✉t❛t✐♦♥ ♦❢ ❙❡r✶✸✸ t♦ ❛❧❛♥✐♥❡ ✭❈❘❊❇❙❡r✶✸✸❆✮ ✭❑✐❞❛ ❡t ❛❧✳ ✭✷✵✵✷✮✮✱ ❛s ✇❡❧❧ ❛s ♠✐❝❡
❡①♣r❡ss✐♥❣ ❛ ❈❘❊❇ ♠✉t❛♥t t❤❛t ❢❛✐❧s t♦ ❜✐♥❞ ✇✐t❤ ❈❘❊✱ t❤❡r❡❢♦r❡ ✐♥❤✐❜✐t✐♥❣ ❉◆❆ ❜✐♥❞✐♥❣
✭❑❈❘❊❇✮ ✭P✐tt❡♥❣❡r ❡t ❛❧✳ ✭✷✵✵✷✮✮✱ ❤❛✈❡ ❞❡✜❝✐ts ✐♥ ❝♦♥t❡①t✉❛❧ ❛♥❞ ❝✉❡❞ ❢❡❛r ♠❡♠♦r② ♦r ❞❡✜❝✐ts
✐♥ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ ❛♥❞ s♣❛t✐❛❧ ♠❡♠♦r②✱ r❡s♣❡❝t✐✈❡❧②✳ ❑❈❘❊❇ ♠✐❝❡ ❤♦✇❡✈❡r ❞✐❞ ♥♦t s❤♦✇
❞❡✜❝✐ts ✐♥ ❝♦♥t❡①t✉❛❧ ❛♥❞ ❝✉❡❞ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✭P✐tt❡♥❣❡r ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ❚❤❡ ❢✉♥❝t✐♦♥ ♦❢
❈❘❊❇ ✇❛s ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞ ❜② ❣❡♥❡r❛t✐♥❣ t❤r❡❡ ❞✐✛❡r❡♥t ♠♦✉s❡ str❛✐♥s✱ ✇❤✐❝❤ ❞✐s♣❧❛② ❛
❈❘❊❇ ❣❛✐♥ ♦❢ ❢✉♥❝t✐♦♥✳ ❙✉r♣r✐s✐♥❣❧②✱ ♦♥❡ str❛✐♥ s❤♦✇❡❞ ❞❡✜❝✐ts ✐♥ s♣❛t✐❛❧ ♠❡♠♦r② ✭❇❛r❝♦
❡t ❛❧✳ ✭✷✵✵✷✮✱ ❱✐♦s❝❛ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳ ■t ✇❛s s✉❣❣❡st❡❞ t❤❛t ❡①♣r❡ss✐♦♥ ♦❢ ❈❘❊❇ ✐♥ t❤❡s❡ ♠✐❝❡✱
✐s ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ ✉♥❞❡r ♣❤②s✐♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥s✱ t❤❡r❡❢♦r❡ ❧❡❛❞✐♥❣ t♦ ♠❡♠♦r② ❛❜♥♦r♠❛❧✐t✐❡s
✭❑✐❞❛ ❛♥❞ ❙❡r✐t❛ ✭✷✵✶✹✮✮✳ ❙t✉❞✐❡s ✇✐t❤ t❤❡ ♦t❤❡r t✇♦ str❛✐♥s s❤♦✇❡❞ ❡♥❤❛♥❝❡♠❡♥ts ✐♥ s♦❝✐❛❧
r❡❝♦❣♥✐t✐♦♥✱ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❛♥❞ s♣❛t✐❛❧ ♠❡♠♦r② ✭❙✉③✉❦✐ ✷✵✶✶✮✳ ◆♦t❛❜❧②✱ ✐♥ ❛❧❧ t❤r❡❡ ♠♦✉s❡
str❛✐♥s ❡①♣r❡ss✐♦♥ ♦❢ ❛t ❧❡❛st ♦♥❡ ❈❘❊❇ t❛r❣❡t ❣❡♥❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ✐✳❡✳
❝✲❋❖❙ ♦r ❇❉◆❋✱ ✇❛s s❤♦✇♥ t♦ ❜❡ ❡♥❤❛♥❝❡❞ ✭❇❛r❝♦ ❡t ❛❧✳ ✭✷✵✵✺✮✱ ❙✉③✉❦✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳
■♥ ❛❞❞✐t✐♦♥✱ ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ❈❇P ♦r t❤❡ ❤♦♠♦❧♦❣ ♣✸✵✵✱ r❡s✉❧t❡❞ ✐♥ ❜❡❤❛✈✐♦✉r❛❧ ❛❜♥♦r♠❛❧✐t✐❡s ✐♥
♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ ✭❑♦r③✉s ❡t ❛❧✳ ✭✷✵✵✹✮✱ ❲♦♦❞ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❖❧✐✈❡✐r❛ ❡t ❛❧✳ ✭✷✵✵✼✮✮ ❛♥❞ ♣❛ss✐✈❡
❛✈♦✐❞❛♥❝❡ ✭❖✐❦❡ ❡t ❛❧✳ ✭✶✾✾✾✮✮✳ ❚r❛♥s❣❡♥✐❝ ♠✐❝❡ ❡①♣r❡ss✐♥❣ ❈❇P✱ ✐♥ ✇❤✐❝❤ t❤❡ ❍❆❚ ❛❝t✐✈✐t② ✐s
r❡❞✉❝❡❞✱ s❤♦✇❡❞ ❛❞❞✐t✐♦♥❛❧❧② ❞❡✜❝✐ts ✐♥ s♣❛t✐❛❧ ♠❡♠♦r②✱ t❤♦✉❣❤ ❝♦♥t❡①t✉❛❧ ❢❡❛r ♠❡♠♦r② ✇❛s
✐♥t❛❝t ✭❑♦r③✉s ❡t ❛❧✳ ✭✷✵✵✹✮✮✳ ❍♦✇❡✈❡r✱ ❛♠♦♥❣ ♦t❤❡rs✱ ♠✐❝❡ ❤❡t❡r♦③②❣♦✉s ❢♦r ❛ ♥✉❧❧ ♠✉t❛t✐♦♥ ♦❢
❈❇P ✭❆❧❛r❝ó♥ ❡t ❛❧✳ ✭✷✵✵✹✮✮ ❛♥❞ ♠✐❝❡ ❤❛✈✐♥❣ ❛♥ ✐♥❛❝t✐✈❛t✐♥❣ ♠✉t❛t✐♦♥ ✐♥ t❤❡ ❈❘❊❇✲❜✐♥❞✐♥❣
✭❑■❳✮ ❞♦♠❛✐♥ ♦❢ ❈❇P✱ ❞✐s♣❧❛②❡❞ ✐♠♣❛✐r♠❡♥ts ✐♥ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✭❲♦♦❞ ❡t ❛❧✳
✭✷✵✵✻✮✮✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ✐♥t❡r❢❡r❡♥❝❡ ♦❢ ❣❡♥❡s✱ ✇❤✐❝❤ ❛r❡ t❛r❣❡ts ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
s✐❣♥❛❧❧✐♥❣ ❛♥❞✴♦r ❈❘❊❇✴❈❇P✲❞❡♣❡♥❞❡♥t tr❛♥s❝r✐♣t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ❇❉◆❋✱ ❆❘❈ ❛♥❞ ◆P❆❙✹✱
❤❛✈❡ ❛❞❞✐t✐♦♥❛❧❧② ❜❡❡♥ s❤♦✇♥ t♦ ✐♠♣❛✐r ♠❡♠♦r② ✭▲✐♥♥❛rss♦♥ ❡t ❛❧✳ ✭✶✾✾✼✮✱ ●✉③♦✇s❦✐ ❡t ❛❧✳
✭✷✵✵✵✮✱ ❘❛♠❛♠♦♦rt❤✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❖✈❡r❛❧❧✱ ❈❘❊❇ ❛♥❞ ❈❇P ❛r❡ str♦♥❣❧② s✉❣❣❡st❡❞ t♦ ❜❡
✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳
■♥ s✉♠♠❛r②✱ t❤❡s❡ st✉❞✐❡s ❛♥❞ t❤❡ ♦♥❡s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ✐♥❞✐❝❛t❡ t❤❛t ▲❚P
❛♥❞ ▲❚▼ s❤❛r❡ ❝♦♠♠♦♥ ♠❡❝❤❛♥✐s♠s✳ ❚❤♦✉❣❤ ❛ ✈❛r✐❡t② ♦❢ ❞✐s❝r❡♣❛♥❝✐❡s ✇❡r❡ ❢♦✉♥❞ ✐♥ st✉❞✐❡s
✐♥✈❡st✐❣❛t✐♥❣ t❤❡ r❡q✉✐r❡♠❡♥t ♦❢ r❡❝❡♣t♦rs✱ ❦✐♥❛s❡s ❛♥❞ tr❛♥s❝r✐♣t✐♦♥❛❧ r❡❣✉❧❛t♦rs✱ ❛ ❣❡♥❡r❛❧
✐♥✈♦❧✈❡♠❡♥t ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ s❡❡♠s ❧✐❦❡❧②✱ t❤♦✉❣❤ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥s ♠❛② ❞✐✛❡r ❜② t❛s❦
❛♥❞ ❜r❛✐♥ r❡❣✐♦♥✳ ❉②sr❡❣✉❧❛t✐♦♥ ♦❢ ❝❛❧❝✐✉♠✱ ❛♥❞ s♣❡❝✐✜❝❛❧❧② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣✱ t❤❡r❡❢♦r❡
❤❛s s❡✈❡r❡ ❝♦♥s❡q✉❡♥❝❡s ♦♥ ❧❡❛r♥✐♥❣✲✐♥❞✉❝❡❞ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✳ ■t ❝❛♥ ❛✛❡❝t t❤❡ ❡①♣r❡ss✐♦♥ ♦❢
❛❝t✐✈✐t②✲r❡❣✉❧❛t❡❞ ❣❡♥❡s ❛♥❞✱ ♠♦r❡♦✈❡r✱ ✐t ❝❛♥ ❛❧s♦ ❛❧t❡r t❤❡ str✉❝t✉r❛❧ ❢❡❛t✉r❡s ♦❢ ❛ ♥❡✉r♦♥✳
✹✳✶✳✹ ◆❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ✐♠♣❛❝ts ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✲ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛♥❞
❱❊●❋❉ ❛s ❦❡② ♣❧❛②❡rs
Pr❡✈✐♦✉s ✇♦r❦ ✐♥ ♦✉r ❧❛❜ ❤❛s ✐❞❡♥t✐✜❡❞ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❤❛s ❛ ❝r✉❝✐❛❧ ✐♠♣❛❝t ♦♥
♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❛♥❞ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❛✮✳ ▼♦r♣❤♦❧♦❣✐❝❛❧✱ ✐♥❝❧✉❞✐♥❣
❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛♥❞ ❝♦♠♣❧❡①✐t②✱ ❛s ✇❡❧❧ ❛s s♣✐♥❡ ❞❡♥s✐t② ❛♥❞ s♣✐♥❡ ❧❡♥❣t❤ ❛r❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡
❢♦r♠❛t✐♦♥ ♦❢ ♥❡✇ ♠❡♠♦r✐❡s✳ ■♥ ♠✉❧t✐♣❧❡ st✉❞✐❡s✱ ❧❡❛r♥✐♥❣ ✐♥❞✉❝❡❞ ❝❤❛♥❣❡s ✐♥ s♣✐♥❡ r❡♠♦❞❡❧❧✐♥❣✱
❞❡♥s✐t② ❛♥❞ ♠♦r♣❤♦❧♦❣② ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✭P❛t❡❧ ❛♥❞ ❙t❡✇❛rt ✭✶✾✽✽✮✱ ▲❡✉♥❡r ❡t ❛❧✳ ✭✷✵✵✸✮✱
❨❛♥❣ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳ ❚❤❡ ❞❡♥❞r✐t✐❝ ❛r❜♦✉r✱ ❤♦✇❡✈❡r✱ ✐s ❧❡ss ❞②♥❛♠✐❝ ❞✉r✐♥❣ ❛❞✉❧t❤♦♦❞❀ ✐♥st❡❛❞✱
✐ts ♠❛✐♥t❡♥❛♥❝❡ ✐s ❛ ❝r✐t✐❝❛❧ ❢❡❛t✉r❡ ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✭▼✐③r❛❤✐ ❛♥❞ ❑❛t③ ✭✷✵✵✸✮✱ ❑♦❧❡s❦❡
✭✷✵✶✸✮✮✳ ❚❤❡ ❞❡♥❞r✐t✐❝ tr❡❡ r❡❝❡✐✈❡s ❛♥❞ ♣r♦♣❛❣❛t❡s s②♥❛♣t✐❝ ✐♥♣✉ts ❛♥❞✱ ❢✉rt❤❡r✱ ✐♥✢✉❡♥❝❡s t❤❡
♦✉t♣✉t s✐❣♥❛❧ t❤❛t ✐s ♣r♦❞✉❝❡❞✳ ❚❤❡r❡❢♦r❡✱ ✐ts ✐♥t❡❣r❛t✐♦♥ ✐♥t♦ t❤❡ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦ ✐s ♦❢ ❣r❡❛t
r❡❧❡✈❛♥❝❡ ❢♦r ♣r♦♣❡r ✐♥❢♦r♠❛t✐♦♥ ♣r♦❝❡ss✐♥❣✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ♥❡✉r♦♥❛❧ ❛r❝❤✐t❡❝t✉r❡ ✐♥
❧❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r② ❜❡❝♦♠❡s ❡✈✐❞❡♥t ✐♥ ❛ ✈❛r✐❡t② ♦❢ st✉❞✐❡s ✐♥✈❡st✐❣❛t✐♥❣ ❜r❛✐♥ ♠♦r♣❤♦❧♦❣②
✐♥ ♥❡✉r♦❧♦❣✐❝❛❧ ❞✐s❡❛s❡s✳ ❆♠♦♥❣ ♠❛♥② ♦t❤❡rs✱ ❘❡tt s②♥❞r♦♠❡ ❛♥❞ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ❛r❡ ❜♦t❤
❦♥♦✇♥ t♦ ✐♠♣❛✐r ❝♦❣♥✐t✐♦♥ ❛♥❞ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ t♦ s❤♦✇ ❛❧t❡r❛t✐♦♥s ✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②
✭❆r♠str♦♥❣ ❡t ❛❧✳ ✭✶✾✾✺✮✱ ❈❤❛♣❧❡❛✉ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❑❛✉❢♠❛♥♥ ❛♥❞ ▼♦s❡r ✭✷✵✵✵✮✱ ❑✉❧❦❛r♥✐ ❛♥❞
❋✐r❡st❡✐♥ ✭✷✵✶✷✮✮✳
❚❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛♥✐s♠s t❤❛t ❝❛✉s❡ t❤❡ ❝❤❛♥❣❡s ✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛r❡ ♥♦t ✇❡❧❧
✉♥❞❡rst♦♦❞✳ ❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✱ ✐♥ ✈✐tr♦ st✉❞✐❡s ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
♠❛② ❜❡ ♦♥❡ ♣♦ss✐❜❧❡ ❝❛♥❞✐❞❛t❡ t❤❛t r❡❣✉❧❛t❡s t❤❡ ♠❛✐♥t❡♥❛♥❝❡ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ tr❡❡✳ ■♥❤✐❜✐t✐♦♥
♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❤❛s ❧❡❞ t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ s♣✐♥❡ ❞❡♥s✐t② ❛♥❞ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❞❡♥❞r✐t✐❝
❧❡♥❣t❤ ❛♥❞ ❝♦♠♣❧❡①✐t② ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❛♥❞ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❛✮✳ ❙✉♣♣❧❡♠❡♥t❛t✐♦♥ ♦❢
❱❊●❋❉ r❡s❝✉❡❞ ❝❤❛♥❣❡s ✐♥ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛♥❞ ❛r❜♦r✐s❛t✐♦♥ ❝❛✉s❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
❞②sr❡❣✉❧❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ❱❊●❋❉ ✇❛s ♥♦t ❛❜❧❡ t♦ r❡✈❡rs❡ t❤❡ ❞❡♥s✐t② ♦❢ s♣✐♥❡s✳ ❱❊●❋❉
✐s ❛ ♠✐t♦❣❡♥ t❤❛t ❤❛s ❜❡❡♥ ✐♠♣❧✐❝❛t❡❞ ✐♥ ❛♥❣✐♦❣❡♥❡s✐s ❛♥❞ ❧②♠♣❤❛t✐❝ ✈❛s❝✉❧❛t✉r❡ ❛♥❞ ✐s
r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✳ ■t ❤❛s ❢✉rt❤❡r ❜❡❡♥ s❤♦✇♥ t❤❛t ❱❊●❋❉ r❡s❝✉❡s ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲
✶✶
♠❡❞✐❛t❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s ✈✐❛ t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ ♣✸✽ ▼❆P ❦✐♥❛s❡✳ ❙✉♣♣r❡ss✐♦♥ ♦❢ ❱❊●❋❉
✉♥❞❡r❧✐♥❡❞ ✐ts ✐♠♣♦rt❛♥❝❡ ✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✱ ❛s ❈❆✶ ♣②r❛♠✐❞❛❧ ❝❡❧❧s ✐♥❢❡❝t❡❞ ✇✐t❤ ❛
s❤♦rt ❤❛✐r♣✐♥ ❘◆❆ ✭s❤❘◆❆✮ ❛❣❛✐♥st ❱❊●❋❉ r❡✈❡❛❧❡❞ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❞❡♥❞r✐t✐❝ ❝♦♠♣❧❡①✐t②
❛♥❞ ❧❡♥❣t❤✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡s❡ ❛❧t❡r❛t✐♦♥s r❡s✉❧t❡❞ ✐♥ s♣❛t✐❛❧ ❛♥❞ ▲❚▼ ❞❡✜❝✐ts✳ ❍❡♥❝❡✱
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ✐♥✢✉❡♥❝❡s ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛t ❧❡❛st ♣❛rt✐❛❧❧② ✈✐❛ t❤❡ r❡❣✉❧❛t✐♦♥
♦❢ ❱❊●❋❉ ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❝♦♥tr♦❧s
t❤❡ tr❛♥s❝r✐♣t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♦t❤❡r ❣❡♥❡s t❤❛t ❛r❡ r❡♣♦rt❡❞ t♦ ❤❛✈❡ ❛ r♦❧❡ ✐♥ r❡❣✉❧❛t✐♥❣ s♣✐♥❡
♠♦r♣❤♦❧♦❣②✳ ❆♠♦♥❣ t❤♦s❡ ❛r❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❆❘❈✱ ❇❉◆❋✱ ◆P❆❙✹✱ ◆❘✹❛✶ ❛♥❞ ❈✶q ✭P❡❡❜❧❡s
❡t ❛❧✳ ✭✷✵✶✵✮✱ ❍♦r❝❤ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❆♥ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ❖r❡✜❝❡ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ❇❧♦♦❞❣♦♦❞ ❡t ❛❧✳ ✭✷✵✶✸✮✱
❈❤❡♥ ❡t ❛❧✳ ✭✷✵✶✹✮✱ ❙✐♠♦♥❡tt✐ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳
❚❤✉s✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ r❡❣✉❧❛t❡s ❢❡❛t✉r❡s ♦❢ ❛ ♥❡✉r♦♥✬s ♠♦r♣❤♦❧♦❣② ✇❤✐❝❤ ❛r❡
✐♠♣♦rt❛♥t ❢♦r t❤❡ ❝♦♥s♦❧✐❞❛t✐♦♥ ♦❢ ♠❡♠♦r②✳
✹✳✶✳✺ ❆✐♠ ■
◆✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧s ❤❛✈❡ ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ❝r✉❝✐❛❧ ❢♦r ✈❛r✐♦✉s ❧♦♥❣✲t❡r♠ ❛❞❛♣t❛t✐♦♥s✳ ❚❤❡s❡
✐♥❝❧✉❞❡ ♥♦t ♦♥❧② ♥❡✉r♦❛❞❛♣t❛t✐♦♥s✱ s✉❝❤ ❛s ❛❝q✉✐r❡❞ ♥❡✉r♦♣r♦t❡❝t✐♦♥ ✭❩❤❛♥❣ ❡t ❛❧✳ ✭✷✵✵✾✮✮
❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❝❤r♦♥✐❝ ♣❛✐♥ ✭❙✐♠♦♥❡tt✐ ❡t ❛❧✳ ✭✷✵✶✸✮✮✱ ❜✉t t❤❡② ❢✉rt❤❡r ❝♦♥tr♦❧ ♠❡♠♦r②
❢♦r♠❛t✐♦♥ ✐♥ ♠✐❝❡ ✭▲✐♠❜ä❝❦✲❙t♦❦✐♥ ❡t ❛❧✳ ✭✷✵✵✹✮✱ ❖❧✐✈❡✐r❛ ❡t ❛❧✳ ✭✷✵✶✷✮✮ ❛♥❞ ✐♥ ❉r♦s♦♣❤✐❧❛
♠❡❧❛♥♦❣❛st❡r ✭❲❡✐s❧♦❣❡❧ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ■♥ t❤✐s st✉❞②✱ ■ ❛✐♠❡❞ ❛t ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♥❣ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❛s ❛ ❝❡♥tr❛❧ ♠❡❝❤❛♥✐s♠ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❜② t❛r❣❡t✐♥❣ t❤❡ ❝❛❧❝✐✉♠ ❜✉✛❡r
♣❛r✈❛❧❜✉♠✐♥ t♦ t❤❡ ♥✉❝❧❡✉s✳ ◆❡①t✱ ■ ❛♥❛❧②s❡❞ ✐❢ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts ✐♥ ♠✐❝❡ ❞❡✜❝✐❡♥t ✐♥ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❛r❡ ❝❛✉s❡❞ ❜② ❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ ♥❡✉r♦♥❛❧ ❛r❝❤✐t❡❝t✉r❡✱ ❛s ♣r❡✈✐♦✉s ✐♥ ✈✐tr♦
st✉❞✐❡s ❤❛✈❡ s✉❣❣❡st❡❞ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛❧s♦ r❡❣✉❧❛t❡s ♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ✭▼❛✉❝❡r✐ ❡t ❛❧✳
✭✷✵✶✶✮✱ ▲✐ ❡t ❛❧✳ ✭✷✵✶✹❛✮✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ■ ✐♥✈❡st✐❣❛t❡❞ ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❱❊●❋❉✱
✇❤✐❝❤ ❧✐♥❦s ❜❛s❛❧ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② t♦ ♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ❛♥❞ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r②
❢♦r♠❛t✐♦♥✱ ❝❛♥ r❡s❝✉❡ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ❝♦❣♥✐t✐✈❡ ❝❤❛♥❣❡s t❤❛t ❛r❡ ✐♥❞✉❝❡❞ ❜② ✐♥❤✐❜✐t✐♦♥ ♦❢
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣✳
P❧❛s♠✐❞s ❢♦r ♣❛r✈❛❧❜✉♠✐♥✳◆▲❙ ✇❡r❡ ❦✐♥❞❧② ♣r♦✈✐❞❡❞ ❜② ❉rs ❇✳❊❤r❧✐❝❤ ❛♥❞ ▼✳◆❛t❤❛♥s♦♥✳
r❆❆❱✲❱❊●❋❉ ✇❛s ❦✐♥❞❧② ♣r♦✈✐❞❡❞ ❜② ❉r✳ ❉❛♥✐❡❧❛ ▼❛✉❝❡r✐✳
✶✷
✹✳✷ ❊♣✐❣❡♥❡t✐❝ ♠❡❝❤❛♥✐s♠s ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✲ ❛ ❢♦❝✉s ♦♥ ❉◆❆
♠❡t❤②❧❛t✐♦♥
■♥ t❤❡ ♣❛st s❡❝t✐♦♥s✱ ■ ❤❛✈❡ ❞✐s❝✉ss❡❞ t❤❛t ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ r❡q✉✐r❡s ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ❛♥❞
✐♥❞✐❝❛t❡❞ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ❛ ❦❡② ♠❡❞✐❛t♦r✳ ❉✉r✐♥❣ t❤❡ ❧❛st ②❡❛rs✱ ❡♣✐❣❡♥❡t✐❝ ♠♦❞✐✜❝❛t✐♦♥s
❤❛✈❡ ❛❞❞✐t✐♦♥❛❧❧② ❜❡❡♥ ✐❞❡♥t✐✜❡❞ ❛s ❝r✉❝✐❛❧ r❡❣✉❧❛t♦rs ♦❢ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢
♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❊♣✐❣❡♥❡t✐❝ ♠❡❝❤❛♥✐s♠s ❝❤❛♥❣❡ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ❣❡♥❡s ✇✐t❤♦✉t ❛❧t❡r✐♥❣ t❤❡
❉◆❆ s❡q✉❡♥❝❡ ❛♥❞✱ ❤❡♥❝❡✱ ❛r❡ r❡✈❡rs✐❜❧❡✳ ❇❡s✐❞❡ ✐ts ❡♠❡r❣✐♥❣ r♦❧❡ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ❡❛r❧✐❡r
st✉❞✐❡s ❡❧✉❝✐❞❛t❡❞ ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ ♣r♦❝❡ss❡s s✉❝❤ ❛s ❝❡❧❧✉❧❛r ❞✐✛❡r❡♥t✐❛t✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t
❛♥❞ ✐♠♣r✐♥t✐♥❣✳ ❚❤❡ ♠♦st st✉❞✐❡❞ ❡♣✐❣❡♥❡t✐❝ ♣r♦❝❡ss❡s ✇✐t❤ r❡s♣❡❝t t♦ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
❛r❡ ♣r♦❜❛❜❧② ❤✐st♦♥❡ ♠♦❞✐✜❝❛t✐♦♥s✱ s✉❝❤ ❛s ❤✐st♦♥❡ ♠❡t❤②❧❛t✐♦♥ ❛♥❞ ❛❝❡t②❧❛t✐♦♥✱ ❛s ✇❡❧❧ ❛s
❉◆❆ ♠❡t❤②❧❛t✐♦♥✳ ❲✐t❤ r❡❣❛r❞s t♦ t❤❡ ❝♦♥t❡♥t ♦❢ t❤✐s t❤❡s✐s✱ ■ ✇✐❧❧ ❡①❝❧✉s✐✈❡❧② ❢♦❝✉s ♦♥ ❉◆❆
♠❡t❤②❧❛t✐♦♥✳
✹✳✷✳✶ ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡s
❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐s ❝❛t❛❧②s❡❞ ❜② ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡s ✭❉◆▼❚s✮✳ ❉◆▼❚s ❛❞❞ ❛ ♠❡t❤②❧
❣r♦✉♣ t♦ t❤❡ ✺✬ ♣♦s✐t✐♦♥ ♦❢ ❛ ❝②t♦s✐♥❡ ✐♥ t❤❡ ❈♣● ♥✉❝❧❡♦t✐❞❡ t❛❦✐♥❣ ❙✲❛❞❡♥♦s②❧✲▲✲♠❡t❤✐♦♥✐♥❡
❛s ❛ ♠❡t❤②❧ ❣r♦✉♣ ❞♦♥♦r ✭❏❡❧ts❝❤ ✭✷✵✵✷✮✮✳ ❚♦ ❞❛t❡✱ t❤❡ ❉◆▼❚s ❉◆▼❚✶✱ ❉◆▼❚✸❜ ❛♥❞
❉◆▼❚✸❛ ❤❛✈❡ ❜❡❡♥ ✐❞❡♥t✐✜❡❞ t♦ ❜❡ ❝❛t❛❧②t✐❝❛❧❧② ❛❝t✐✈❡ ✭▼❛r❣♦t ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❉◆▼❚✶ ✐s
♠♦st ❛❜✉♥❞❛♥t ✭❍❡r♠❛♥♥ ❡t ❛❧✳ ✭✷✵✵✹✮✮ ❛♥❞ ♠❛✐♥t❛✐♥s t❤❡ ♠❡t❤②❧❛t✐♦♥ ♣❛tt❡r♥ ❡st❛❜❧✐s❤❡❞
❡❛r❧② ✐♥ ❞❡✈❡❧♦♣♠❡♥t✳ ❉◆▼❚✶ ♣r❡❢❡r❡♥t✐❛❧❧② ♠❡t❤②❧❛t❡s ❤❡♠✐♠❡t❤②❧❛t❡❞ ❉◆❆ ❛♥❞✱ ❤❡♥❝❡✱ ✐s
❛❧s♦ ❝❛❧❧❡❞ ♠❛✐♥t❡♥❛♥❝❡ ❉◆▼❚✳ ❆s ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✸❜ ❞♦ ♥♦t s❤♦✇ s✉❝❤ ❛ ♣r❡❢❡r❡♥❝❡✱
t❤❡② ❛r❡ ❛❧s♦ r❡❢❡rr❡❞ t♦ ❛s ❞❡ ♥♦✈♦ ♠❡t❤②❧tr❛♥s❢❡r❛s❡s✳ ❲❤❡r❡❛s ❉◆▼❚✸❛ ✐s ❡①♣r❡ss❡❞
❞✉r✐♥❣ ❡♠❜r②♦❣❡♥❡s✐s✱ ❛s ✇❡❧❧ ❛s ✐♥ ♣♦st♠✐t♦t✐❝ ♥❡✉r♦♥s ❞✉r✐♥❣ ♣♦st♥❛t❛❧ ❞❡✈❡❧♦♣♠❡♥t ✭❋❡♥❣
❡t ❛❧✳ ✭✷✵✵✺✮✮✱ ❉◆▼❚✸❜ ✐s ♠❛✐♥❧② ❡①♣r❡ss❡❞ ❞✉r✐♥❣ ❛ ❧✐♠✐t❡❞ t✐♠❡ ✇✐♥❞♦✇ ✐♥ ❡❛r❧② st❛❣❡s
♦❢ ❡♠❜r②♦❣❡♥❡s✐s ✭❲❛t❛♥❛❜❡ ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ■t ✇❛s ❧♦♥❣ ❜❡❧✐❡✈❡❞ t❤❛t ❉◆▼❚s ❛r❡ r❡str✐❝t❡❞
t♦ ❞✐✈✐❞✐♥❣ ❝❡❧❧s ❛♥❞ ❞✐♠✐♥✐s❤ ❛❢t❡r t❡r♠✐♥❛❧ ❞✐✛❡r❡♥t✐❛t✐♦♥✱ ❤♦✇❡✈❡r r❡❝❡♥t❧②✱ ✐t ❤❛s ❜❡❝♦♠❡
❝❧❡❛r t❤❛t ❉◆▼❚s ❛r❡ ❛❧s♦ ❡①♣r❡ss❡❞ ✐♥ ❛❞✉❧t t✐ss✉❡✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❜r❛✐♥ ✭❙③②❢ ❡t ❛❧✳ ✭✶✾✾✶✮✱
❨❡♥ ❡t ❛❧✳ ✭✶✾✾✷✮✱ ●♦t♦ ❡t ❛❧✳ ✭✶✾✾✹✮✮✳ ❙❡✈❡r❛❧ tr❛♥s❝r✐♣ts ♦❢ ❉◆▼❚✸❜ ❡①✐st t❤❛t r❡s✉❧t ❢r♦♠
❛❧t❡r♥❛t✐✈❡ s♣❧✐❝✐♥❣ ✭❘♦❜❡rts♦♥ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❳✐❡ ❡t ❛❧✳ ✭✶✾✾✾✮✮✳ ■♥ ❝♦♥tr❛st✱ ♦♥❧② t✇♦ ✐s♦❢♦r♠s
♦❢ ❉◆▼❚✸❛ ❛r❡ ❝✉rr❡♥t❧② ❦♥♦✇♥✱ ♥❛♠❡❧② ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷✳ ❉◆▼❚✸❛✷ ✐s tr❛♥s❝r✐❜❡❞
❢r♦♠ ❛♥ ✐♥tr♦♥✐❝ ♣r♦♠♦t❡r ❛♥❞ ❧❛❝❦s t❤❡ ◆✲t❡r♠✐♥❛❧ ✷✶✾ ❛♠✐♥♦ ❛❝✐❞s ♦❢ t❤❡ ❢✉❧❧ ❧❡♥❣t❤ ♣r♦t❡✐♥✳
■♥t❡r❡st✐♥❣❧②✱ ❉◆▼❚✸❛✶ ❧♦❝❛❧✐③❡s ♠❛✐♥❧② t♦ tr❛♥s❝r✐♣t✐♦♥❛❧❧② s✐❧❡♥t ❤❡t❡r♦❝❤r♦♠❛t✐♥✱ ✇❤✐❝❤ ✐s
❛ss♦❝✐❛t❡❞ ✇✐t❤ ❣❡♥❡ r❡♣r❡ss✐♦♥✳ ❍♦✇❡✈❡r✱ ❉◆▼❚✸❛✷ ❧♦❝❛❧✐③❡s t♦ ❡✉❝❤r♦♠❛t✐♥✱ ✇❤✐❝❤ ✐s t❤♦✉❣❤t
t♦ ❜❡ tr❛♥s❝r✐♣t✐♦♥❛❧❧② ❛❝t✐✈❡ ✭❈❤❡♥ ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ❚r❛❞✐t✐♦♥❛❧❧②✱ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✇❛s ❜❡❧✐❡✈❡❞
✶✸
❋✐❣✉r❡ ✷✿ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❤❛s ❜❡❡♥ s❤♦✇♥ t♦ ✐♥❛❝t✐✈❛t❡ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✈✐❛ r❡❝r✉✐t♠❡♥t
♦❢ ❍❉❆❈s ❜② t❤❡ ♠❡t❤②❧✲❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ▼❡❈P✷✳ ❍♦✇❡✈❡r✱ ❉◆❆ ♠❡t❤②❧❛t✐♦♥
❤❛s ❛❧s♦ r❡❝❡♥t❧② ❜❡❡♥ s❤♦✇♥ t♦ ❛❝t✐✈❛t❡ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✳ ■t ✇❛s s✉❣❣❡st❡❞ t❤❛t
▼❡❈P✷ r❡❝r✉✐ts ❈❘❊❇✶✱ ✇❤✐❝❤ t❤❡♥ ❧❡❛❞s t♦ ❛ ♠♦r❡ ♦♣❡♥ ❝❤r♦♠❛t✐♥ str✉❝t✉r❡ ❛♥❞✱
❤❡♥❝❡✱ t♦ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✭❋✐❣✉r❡ ❛❞♦♣t❡❞ ❢r♦♠ ❈❤❛❤r♦✉r ❡t ❛❧✳ ✭✷✵✵✽✮✮✳
t♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ ❣❡♥❡ r❡♣r❡ss✐♦♥✱ ❡✐t❤❡r ❜② ❞✐r❡❝t❧② ✐♥t❡r❢❡r✐♥❣ ✇✐t❤ tr❛♥s❝r✐♣t✐♦♥ ❢❛❝t♦r ❜✐♥❞✐♥❣
✭❲❛tt ❛♥❞ ▼♦❧❧♦② ✭✶✾✽✽✮✮ ♦r ✈✐❛ ♠❡t❤②❧✲❈♣● ❜✐♥❞✐♥❣ ❞♦♠❛✐♥ ✭▼❇❉✮ ♣r♦t❡✐♥s✱ s✉❝❤ ❛s ▼❡❈P✷
✭❇♦②❡s ❛♥❞ ❇✐r❞ ✭✶✾✾✶✮✱ ◆❛♥ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❏♦♥❡s ❡t ❛❧✳ ✭✶✾✾✽✮✮✳ ▼❡❈P✷ ❝❛♥ r❡❝r✉✐t ❍❉❆❈s t❤❛t
❝❛✉s❡ ❞❡❛❝❡t②❧❛t✐♦♥ ♦❢ ❤✐st♦♥❡s✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ ♠♦r❡ ❝♦♥❞❡♥s❡❞ ❝❤r♦♠❛t✐♥ ❢♦r♠❛t✐♦♥✱ r❡s✉❧t✐♥❣
✐♥ tr❛♥s❝r✐♣t✐♦♥❛❧ s✐❧❡♥❝✐♥❣ ✭◆❛♥ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❏♦♥❡s ❡t ❛❧✳ ✭✶✾✾✽✮✮✳ ❍♦✇❡✈❡r✱ ❞✉r✐♥❣ t❤❡ ❧❛st
②❡❛rs✱ t❤✐s ✐❞❡❛ ✇❛s ❝❤❛❧❧❡♥❣❡❞ ❜② t❤❡ ✜♥❞✐♥❣ t❤❛t ▼❡❈P✷ ❝❛♥ ❛❧s♦ r❡❝r✉✐t tr❛♥s❝r✐♣t✐♦♥❛❧
❛❝t✐✈❛t♦rs✱ s✉❝❤ ❛s ❈❘❊❇✶✱ ❧❡❛❞✐♥❣ t♦ ❛♥ ♦♣❡♥ ❝❤r♦♠❛t✐♥ ❢♦r♠❛t✐♦♥ ❛♥❞✱ ❝♦♥s❡q✉❡♥t❧②✱ ❣❡♥❡
❛❝t✐✈❛t✐♦♥ ✭❈❤❛❤r♦✉r ❡t ❛❧✳ ✭✷✵✵✽✮✮✭❋✐❣✉r❡ ✷✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ❉◆❆
♠❡t❤②❧❛t✐♦♥ ✐♥ t❤❡ ❣❡♥❡ ❜♦❞✐❡s ❝❛♥ ✐♥❝r❡❛s❡ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✭❲✉ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳
✹✳✷✳✷ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
❉✉❡ t♦ t❤❡ ✜♥❞✐♥❣ t❤❛t ❉◆▼❚s ❛r❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❛❞✉❧t ❜r❛✐♥ ❛♥❞ ❡①✐st✐♥❣ ❡✈✐❞❡♥❝❡ s❤♦✇s
t❤❛t ♦t❤❡r ❡♣✐❣❡♥❡t✐❝ ♠❛r❦s ♣❧❛② ❛ r♦❧❡ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ▲❡✈❡♥s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ✐♥✈❡st✐❣❛t❡❞
✐❢ ❉◆▼❚s ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ s②♥❛♣t✐❝ ♣❧❛st✐❝✐t②✳ ❚❤❡② ❢♦✉♥❞ t❤❛t ✐♥❤✐❜✐t✐♦♥ ♦❢ ❉◆▼❚s ✐♠♣❛✐r❡❞
▲❚P ✐♥❞✉❝t✐♦♥ ❛♥❞ ❛❧t❡r❡❞ ❝②t♦s✐♥❡ ♠❡t❤②❧❛t✐♦♥ ✐♥ t❤❡ ♣r♦♠♦t❡rs ♦❢ ❘❡❡❧✐♥ ❛♥❞ ❇❉◆❋✱ ❣❡♥❡s
❦♥♦✇♥ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡ ✐♥❞✉❝t✐♦♥ ♦❢ s②♥❛♣t✐❝ ♣❧❛st✐❝✐t②✳ ❙t✉❞✐❡s ❡❧✉❝✐❞❛t✐♥❣ t❤❡ r♦❧❡ ♦❢
❉◆▼❚s ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ r❡♣♦rt❡❞ t❤❛t ❉◆▼❚✸❛ ✐s ✉♣r❡❣✉❧❛t❡❞ ❛❢t❡r ❝♦♥t❡①t✉❛❧ ❛♥❞ ❝✉❡❞
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ✇❤❡r❡❛s ❉◆▼❚✸❜ ✇❛s ♦♥❧② ✉♣r❡❣✉❧❛t❡❞ ❛❢t❡r ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣
✭▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✱ ▼♦♥s❡② ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ✐♥❤✐❜✐t✐♦♥ ♦❢ ❉◆▼❚s
✐♠♣❛✐r❡❞ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✭▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✱ ▼♦♥s❡② ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❙✉✐ ❡t ❛❧✳ ✭✷✵✶✷✮✮
❛♥❞ r❡❞✉❝❡❞ ♠❡t❤②❧❛t✐♦♥ ❛t t❤❡ ♣r♦♠♦t❡r ♦❢ t❤❡ ♠❡♠♦r② s✉♣♣r❡ss♦r ❣❡♥❡ ♣r♦t❡✐♥ ♣❤♦s♣❤❛t❛s❡
✶ ✭PP✶✮ ❛♥❞✱ ❤❡♥❝❡✱ ✐♥❝r❡❛s❡❞ ✐ts ❡①♣r❡ss✐♦♥ ✭▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✮✳ ❚❤❡ ✐♥❞✉❝t✐♦♥ ♦❢
PP✶ ❧✐❦❡❧② ❝♦♥tr✐❜✉t❡s ❛t ❧❡❛st ♣❛rt✐❛❧❧② t♦ t❤❡ ❞❡✜❝✐ts ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡
✶✹
❡①♣r❡ss✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② ❛❝t✐✈❛t♦r r❡❡❧✐♥ ❛❧s♦ ✐♥❝r❡❛s❡s✱ ♣r♦✈✐❞✐♥❣ t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t r❡❡❧✐♥
❛❜♦❧✐s❤❡s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ✐♥❝r❡❛s❡ ✐♥ PP✶ ❡①♣r❡ss✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ❢✉t✉r❡ st✉❞✐❡s ♥❡❡❞ t♦ ❛❞❞r❡ss
t❤✐s q✉❡st✐♦♥ ❢✉rt❤❡r✱ t♦ ❜❡tt❡r ✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝t ♦❢ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ♦♥ ❣❡♥❡ ❡①♣r❡ss✐♦♥✳
●❡♥❡t✐❝ st✉❞✐❡s ❤❛✈❡ s✉♣♣♦rt❡❞ t❤❡ ✐❞❡❛ t❤❛t ❉◆❆ ♠❡t❤②❧❛t✐♦♥ r❡❣✉❧❛t❡s ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱
t❤♦✉❣❤ ✐t ✐s ♥♦t ②❡t ❝❧❡❛r✱ ✇❤✐❝❤ ❉◆▼❚s ❛r❡ r❡q✉✐r❡❞✳ ❖♥❡ st✉❞② ❞❡♠♦♥str❛t❡❞ t❤❛t ♠✐❝❡
✇✐t❤ ❝♦♥❞✐t✐♦♥❛❧ ❞❡❧❡t✐♦♥s ♦❢ ❉◆▼❚✶ ❛♥❞ ❉◆▼❚✸❛ ❡①❤✐❜✐t ♠❡♠♦r② ❞❡✜❝✐ts✱ t❤♦✉❣❤ ❞❡❧❡t✐♦♥
♦❢ ❉◆▼❚✶ ♦r ❉◆▼❚✸❛ ❛❧♦♥❡ ❞✐❞ ♥♦t ❤❛✈❡ t❤❛t ❡✛❡❝t✱ ♣♦✐♥t✐♥❣ t♦ ❛ r❡❞✉♥❞❛♥❝② ♦❢ t❤❡s❡ t✇♦
❉◆▼❚s ✭❋❡♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❍♦✇❡✈❡r✱ ❛ ❞✐✛❡r❡♥t st✉❞② s❤♦✇❡❞ t❤❛t ❞❡❧❡t✐♦♥ ♦❢ ❉◆▼❚✸❛
❛❧♦♥❡✱ ❜✉t ♥♦t ❉◆▼❚✶✱ ✐s ❡♥♦✉❣❤ t♦ ❝❛✉s❡ ✐♠♣❛✐r♠❡♥ts ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✭▼♦rr✐s ❡t ❛❧✳
✭✷✵✶✹✮✮✳ ❚❤♦✉❣❤✱ s♦♠❡ ♦❢ t❤❡ ✜♥❞✐♥❣s s❡❡♠ t♦ ❜❡ ❝♦♥tr♦✈❡rs✐❛❧ ❛♥❞ r❡✈❡❛❧ t❤❛t ✇❡ ❛r❡ ❥✉st
❜❡❣✐♥♥✐♥❣ t♦ ✉♥❞❡rst❛♥❞ t❤❡ r♦❧❡ ♦❢ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❈✉rr❡♥t❧②✱ t❤❡
❣❡♥❡r❛❧ ✜♥❞✐♥❣ t❤❛t ❉◆▼❚s ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ ❧❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r② ✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞✳ ❚❤✐s
❜❡❝♦♠❡s ❛♣♣❛r❡♥t ❛s ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❤❛s ❛❧s♦ ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ r❡♠♦t❡ ♠❡♠♦r②
✭▼✐❧❧❡r ❡t ❛❧✳ ✭✷✵✶✵✮✮ ❛♥❞ r❡✇❛r❞ ❧❡❛r♥✐♥❣ ✭❉❛② ❡t ❛❧✳ ✭✷✵✶✸✮✮ ❛♥❞ ❤❛s ❢✉rt❤❡r ❜❡❡♥ ✐♠♣❧✐❝❛t❡❞
t♦ ❜❡ ❝r✉❝✐❛❧ ❛❧s♦ ❢♦r ❧❡❛r♥✐♥❣ ✐♥ ❞✐✛❡r❡♥t ♦r❣❛♥✐s♠s✱ s✉❝❤ ❛s ❢♦r ❛ss♦❝✐❛t✐✈❡ ▲❚▼ ✐♥ ❤♦♥❡② ❜❡❡s
✭▲♦❝❦❡tt ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ▼♦r❡♦✈❡r✱ ▼❇❉ ♣r♦t❡✐♥s✱ ▼❇❉✶ ❛♥❞ ▼❡❈P✷✱ ❤❛✈❡ ❜❡❡♥ ❛ss♦❝✐❛t❡❞
✇✐t❤ ❞❡❢❡❝ts ✐♥ ❝♦❣♥✐t✐♦♥ ✭❩❤❛♦ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ▼♦r❡tt✐ ❡t ❛❧✳ ✭✷✵✵✻✮✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♥♦t ♦♥❧②
❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❜✉t ❛❧s♦ ❉◆❆ ❞❡♠❡t❤②❧❛t✐♦♥✱ ✈✐❛ t❡♥✲❡❧❡✈❡♥ tr❛♥s❧♦❝❛t✐♦♥ ♠❡t❤②❧❝②t♦s✐♥❡
❞✐♦①②❣❡♥❛s❡ ✶ ✭❚❡t✶✮ ❛♥❞ ❣r♦✇t❤ ❛rr❡st ❛♥❞ ❉◆❆✲❞❛♠❛❣❡✲✐♥❞✉❝✐❜❧❡ ✹✺ β ✭●❛❞❞✹✺β✮✱ ❤❛s ❜❡❡♥
r❡♣♦rt❡❞ t♦ ❤❛✈❡ ❛♥ ✐♠♣❛❝t ♦♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✭❑❛❛s ❡t ❛❧✳ ✭✷✵✶✸✮✱ ❩❤❛♥❣ ❡t ❛❧✳ ✭✷✵✶✸✮✱
▲❡❛❝❤ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❙✉❧t❛♥ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳
✹✳✷✳✸ ❆✐♠ ■■
❙t✉❞✐❡s ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ r♦❧❡ ♦❢ ❉◆▼❚✸❛ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❤❛✈❡ ♣r❡✈✐♦✉s❧② ♥♦t ❞✐s✲
t✐♥❣✉✐s❤❡❞ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✐s♦❢♦r♠s ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷✳ ❍♦✇❡✈❡r✱ ❛s ❉◆▼❚✸❛✶
❛♥❞ ❉◆▼❚✸❛✷ ❛ss♦❝✐❛t❡ ✇✐t❤ ❤❡t❡r❡♦❝❤r♦♠❛t✐♥ ❛♥❞ ❡✉❝❤r♦♠❛t✐♥✱ r❡s♣❡❝t✐✈❡❧②✱ ✇❡ ❛✐♠❡❞ t♦
✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡ t✇♦ ✐s♦❢♦r♠s ♣❧❛② ❞✐✛❡r❡♥t r♦❧❡s ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❲❡ ❢♦✉♥❞ t❤❛t
♦♥❧② ❉◆▼❚✸❛✷✱ ♥♦t ❉◆▼❚✸❛✶ ✐s ✉♣r❡❣✉❧❛t❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✳ ❍❡♥❝❡✱ ✇❡ ❢♦❝✉s❡❞ ♠❛✐♥❧②
♦♥ ❉◆▼❚✸❛✷ ✐♥ t❤✐s ♣r♦❥❡❝t ❛♥❞ st✉❞✐❡❞ ✐❢ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ✐s ❝r✐t✐❝❛❧ ❢♦r ♠❡♠♦r②
❢♦r♠❛t✐♦♥ ✐♥ ②♦✉♥❣ ❛♥❞ ❛❣❡❞ ♠✐❝❡✳ ■t ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② ❞❡♠♦♥str❛t❡❞ t❤❛t ❝♦❣♥✐t✐✈❡❧②
✐♠♣❛✐r❡❞ ❛❣❡❞ ♠✐❝❡ s❤♦✇ ❝❤❛♥❣❡s ✐♥ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛t t❤❡ ♣r♦♠♦t❡r ❛♥❞ ✐♥tr❛❣❡♥✐❝
r❡❣✐♦♥ ♦❢ t❤❡ ❆❘❈ ❣❡♥❡ ✭P❡♥♥❡r ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ▼♦r❡♦✈❡r✱ ✐t ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ t❤❛t ✺✲
♠❡t❤②❧❝②t♦s✐♥❡ ❧❡✈❡❧s ❞❡❝r❡❛s❡ ✇✐t❤ ♥♦r♠❛❧ ❛❣✐♥❣ ✐♥ ♠✐❝❡ ✭❲✐❧s♦♥ ❡t ❛❧✳ ✭✶✾✽✼✮✮ ❛♥❞ t❤❛t ❛❣❡✲
❞❡♣❡♥❞❡♥t ♠❡t❤②❧❛t✐♦♥ ❝❤❛♥❣❡s ♦❝❝✉r ✐♥ t❤❡ ❤✉♠❛♥ ❝❡r❡❜r❛❧ ❝♦rt❡① ✭❙✐❡❣♠✉♥❞ ❡t ❛❧✳ ✭✷✵✵✼✮✮✳
❚❤❡r❡❢♦r❡✱ ✇❡ ❤②♣♦t❤❡s✐s❡❞ t❤❛t ❝❤❛♥❣❡s ✐♥ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ♠❛② ❜❡ ♦♥❡ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣
✶✺
❝❛✉s❡s ♦❢ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts ♦❜s❡r✈❡❞ ✐♥ ❛❣✐♥❣✳
❊①♣❡r✐♠❡♥ts ♦❢ t❤✐s st✉❞② ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❜② ❉r✳ ❆♥❛ ▼✳ ▼✳ ❖❧✐✈❡✐r❛ ❛♥❞ ♠②s❡❧❢✳ ■♥ t❤❡
r❡s✉❧ts ♣❛rt ♦❢ t❤✐s t❤❡s✐s✱ ■ ✇✐❧❧ ✐♥❞✐❝❛t❡ ✇❤✐❝❤ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❞♦♥❡ ♣❡rs♦♥❛❧❧② ♦r ❜②
❉r✳ ❆♥❛ ▼✳ ▼✳ ❖❧✐✈❡✐r❛✳ ■r✐s ❇☎♥③❧✐✲❊❤❡rt ♣r❡♣❛r❡❞ ❞✐ss♦❝✐❛t❡❞ ❤✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s ❢♦r t❤✐s
♣r♦❥❡❝t✳
❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ♣❛rt ♦❢ ♠② t❤❡s✐s ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐s❤❡❞✿ ❆♥❛ ▼✳ ❖❧✐✈❡✐r❛✱ ❚❤❡❦❧❛ ❏✳ ❍❡♠st❡❞t✱
❛♥❞ ❍✐❧♠❛r ❇❛❞✐♥❣ ✭✷✵✶✷✮ ❘❡s❝✉❡ ♦❢ ❛❣✐♥❣✲❛ss♦❝✐❛t❡❞ ❞❡❝❧✐♥❡ ✐♥ ❉♥♠t✸❛✷ ❡①♣r❡ss✐♦♥ r❡st♦r❡s
❝♦❣♥✐t✐✈❡ ❛❜✐❧✐t✐❡s✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡ ✶✺✭✽✮✿ ♣✳ ✶✶✶✶✲✸✳
✶✻
✹✳✸ ❙✐❣♥❛❧❧✐♥❣ ♣❛t❤✇❛②s t❤❛t ❛r❡ ✐♠♣♦rt❛♥t ❢♦r ❢❡❛r ❡①t✐♥❝t✐♦♥
❋❡❛r ❡①t✐♥❝t✐♦♥ s❡r✈❡s ❛s ❛ ♠♦❞❡❧ t♦ st✉❞② t❤❡ ♠♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠s t❤❛t ✉♥❞❡r❧✐❡ ❛♥①✐❡t②
❞✐s♦r❞❡rs✱ s✉❝❤ ❛s P❚❙❉ ❛♥❞ ♣❤♦❜✐❛s✳ ❉✉r✐♥❣ ❢❡❛r ❡①t✐♥❝t✐♦♥✱ ❛ r❡♣❡t✐t✐✈❡ ♥♦♥✲r❡✐♥❢♦r❝❡❞
♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛ ❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s ❧❡❛❞s t♦ ❛ r❡❞✉❝t✐♦♥ ♦❢ ❛ ♣r❡✈✐♦✉s❧② ❛❝q✉✐r❡❞ ❢❡❛r
r❡s♣♦♥s❡✳ ■t ✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞ t❤❛t ❞✉r✐♥❣ ❢❡❛r ❡①t✐♥❝t✐♦♥✱ t❤❡ ♦❧❞ ♠❡♠♦r② ✐s ♥♦t ❡r❛s❡❞
❜✉t✱ r❛t❤❡r✱ ✐♥❤✐❜✐t❡❞ ❜② ❛ ♠❡♠♦r② t❤❛t ❤❛s ♥❡✇❧② ❢♦r♠❡❞ ❞✉r✐♥❣ ❡①t✐♥❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✐t
✐s ♥♦t s✉r♣r✐s✐♥❣ t❤❛t ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ❛♥❞ ♠❡♠♦r② ❡①t✐♥❝t✐♦♥ s❤❛r❡ ♠❡❝❤❛♥✐s♠s t❤❛t
r❡❣✉❧❛t❡ ❜♦t❤ ❢♦r♠s ♦❢ ❧❡❛r♥✐♥❣ ✭▲✐♥ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ❙③❛♣✐r♦ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ❖rs✐♥✐ ❛♥❞ ▼❛r❡♥
✭✷✵✶✷✮✮✳ ❆s ❢♦r ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ◆▼❉❆ r❡❝❡♣t♦rs ❛r❡ ❦❡② ♣❧❛②❡rs ❢♦r t❤❡ ❡①t✐♥❝t✐♦♥ ♦❢ ❢❡❛r✳
❙❡✈❡r❛❧ st✉❞✐❡s ❤❛✈❡ ✉s❡❞ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥ t♦ ✐♥❤✐❜✐t ◆▼❉❆ r❡❝❡♣t♦r ❛❝t✐✈❛t✐♦♥ ❛♥❞
r❡♣♦rt❡❞ ✐♠♣❛✐r♠❡♥ts ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥ ✭❋❛❧❧s ❡t ❛❧✳ ✭✶✾✾✷✮✱ ❇❛❦❡r ❛♥❞ ❆③♦r❧♦s❛ ✭✶✾✾✻✮✱ ❙③❛♣✐r♦
❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ■♥ ❝♦♥tr❛st✱ t❤❡ ◆▼❉❆ r❡❝❡♣t♦r ❛❣♦♥✐st ❉✲❝②❝❧♦s❡r✐♥❡ ❢❛❝✐❧✐t❛t❡❞ ❡①t✐♥❝t✐♦♥
✭❲❛❧❦❡r ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ❋❡❛r ❡①t✐♥❝t✐♦♥ ✇❛s ❛❧s♦ ❡♥❤❛♥❝❡❞ ✐♥ ❛ st✉❞② ✉s✐♥❣ ❛ ♣♦t❡♥t✐❛t♦r ♦❢
❆▼P❆ r❡❝❡♣t♦rs✱ ✇❤❡r❡❛s ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ❆▼P❆ r❡❝❡♣t♦r tr❛✣❝❦✐♥❣ ❤❛s ❜❡❡♥ ✐♥❞✐❝❛t❡❞ t♦
❝❛✉s❡ ❞❡✜❝✐ts ✐♥ ❡①t✐♥❝t✐♦♥ ✭❉❛❧t♦♥ ❡t ❛❧✳ ✭✷✵✵✽✮ ✱ ❈❧❡♠ ❛♥❞ ❍✉❣❛♥✐r ✭✷✵✶✵✮✮✳ ▼♦st st✉❞✐❡s ❛❣r❡❡
t❤❛t ◆▼❉❆ r❡❝❡♣t♦rs ❛♥❞ ❆▼P❆ r❡❝❡♣t♦rs ❛r❡ ❡ss❡♥t✐❛❧ ✐♥ t❤❡ r❡❣✉❧❛t✐♦♥ ♦❢ ❢❡❛r ❡①t✐♥❝t✐♦♥✱
❤♦✇❡✈❡r✱ ❧✐t❡r❛t✉r❡ ✐s ♠♦r❡ ❝♦♥tr♦✈❡rs✐❛❧ ♦♥ t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ▲✲t②♣❡ ❱●❈❈s✳ ❆ ✈❛r✐❡t② ♦❢
♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ st✉❞✐❡s ✐♥❥❡❝t✐♥❣ ❱●❈❈ ❜❧♦❝❦❡rs s②st❡♠✐❝❛❧❧② ✭❈❛✐♥ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❙✉③✉❦✐ ❡t ❛❧✳
✭✷✵✵✹✮✮ ♦r ❧♦❝❛❧❧② ✭❉❛✈✐s ❛♥❞ ❇❛✉❡r ✭✷✵✶✷✮✮ ❤❛✈❡ r❡♣♦rt❡❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ❞❡✜❝✐ts✳ ●❡♥❡t✐❝
st✉❞✐❡s r❡♣♦rt❡❞✱ ❤♦✇❡✈❡r✱ t❤❛t ❞❡❧❡t✐♦♥ ♦❢ ❡✐t❤❡r ♦❢ t❤❡ t✇♦ ▲✲ t②♣❡ ❱●❈❈ s✉❜t②♣❡s✱ ❈❛✈✶✳✷ ♦r
❈❛✈✶✳✸ ✭▼❝❑✐♥♥❡② ❛♥❞ ▼✉r♣❤② ✭✷✵✵✻✮✱ ▼❝❑✐♥♥❡② ❡t ❛❧✳ ✭✷✵✵✽✮✮✱ ❞✐❞ ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ ♠❡♠♦r②
❡①t✐♥❝t✐♦♥✳ ❙✐❞❡ ❡✛❡❝ts ♦❢ t❤❡ ▲✲❱●❈❈ ❜❧♦❝❦❡r ♥✐❢❡❞✐♣✐♥❡ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✭▼❝❑✐♥♥❡② ❡t ❛❧✳
✭✷✵✵✽✮✮ ❛♥❞ ♠❛② ❡①♣❧❛✐♥ t❤❡ ❞✐s❝r❡♣❛♥❝② ♦❢ t❤❡ st✉❞✐❡s✳ ❍♦✇❡✈❡r✱ ❝♦♠♣❡♥s❛t♦r② ❡✛❡❝ts ❜❡t✇❡❡♥
t❤❡ t✇♦ ✐s♦❢♦r♠s ❈❛✈✶✳✷ ❛♥❞ ❈❛✈✶✳✸ ❝❛♥ ❛❧s♦ ♥♦t ❜❡ r✉❧❡❞ ♦✉t✳ ▲✐tt❧❡ ✐s ❦♥♦✇♥ ❛❜♦✉t t❤❡
❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❆❈ ✐♥ ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳ ❚♦ ♠② ❜❡st ❦♥♦✇❧❡❞❣❡✱ ❆❈ ✸ ✐s t❤❡ ♦♥❧② ♦♥❡ r❡♣♦rt❡❞
s♦ ❢❛r t❤❛t ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❡①t✐♥❝t✐♦♥ ♦❢ ❝♦♥t❡①t✉❛❧ ❢❡❛r ✭❲❛♥❣ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❆♠♦♥❣ t❤❡
❦✐♥❛s❡s t❤❛t ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ▼❆P❑ ✐s t❤❡ ❜❡st st✉❞✐❡❞ ✇✐t❤ r❡❣❛r❞s t♦
❢❡❛r ❡①t✐♥❝t✐♦♥✳ P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ✭▲✉ ❡t ❛❧✳ ✭✷✵✵✶✮✱ ❙③❛♣✐r♦ ❡t ❛❧✳ ✭✷✵✵✸✮✱▼❛ts✉❞❛ ❡t ❛❧✳ ✭✷✵✶✵✮✱
❉❛✈✐s ❛♥❞ ❇❛✉❡r ✭✷✵✶✷✮✮ ❛♥❞ ❣❡♥❡t✐❝ st✉❞✐❡s ✭❘②✉ ❡t ❛❧✳ ✭✷✵✵✽✮✮ ❤❛✈❡ s❤♦✇♥ ❡✐t❤❡r ❞✐r❡❝t❧② ♦r
✐♥❞✐r❡❝t❧②✱ ✈✐❛ ✉♣str❡❛♠ ♠❛♥✐♣✉❧❛t✐♦♥s✱ ❛ ❢✉♥❝t✐♦♥❛❧ r♦❧❡ ♦❢ ▼❆P❑ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥✳ ❙♦♠❡
st✉❞✐❡s s✉❣❣❡st❡❞✱ t❤♦✉❣❤✱ t❤❛t t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛♥✐s♠s ♠❛② ❞✐✛❡r ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥
❛♥❞ ❡①t✐♥❝t✐♦♥✱ ♣r♦✈✐❞✐♥❣ ❞❛t❛ t❤❛t s❤♦✇ ❞✐✛❡r❡♥t ❛❝t✐✈❛t✐♦♥ ❛♥❞ ❧♦❝❛❧✐s❛t✐♦♥ ♣❛tt❡r♥s ♦❢
♣❤♦s♣❤♦r②❧❛t❡❞ ❡①tr❛❝❡❧❧✉❧❛r s✐❣♥❛❧✲r❡❣✉❧❛t❡❞ ❦✐♥❛s❡ ✭♣❊❘❑✮ ✇✐t❤✐♥ ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦♥s ✐♥
t❤❡s❡ t✇♦ t❛s❦s ✭❋✐s❝❤❡r ❡t ❛❧✳ ✭✷✵✵✼✮✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s❡❣r❡❣❛t❡❞ ♣♦♣✉❧❛t✐♦♥s ♦❢ ♣r✐♥❝✐♣❛❧ ❈❆✶
♥❡✉r♦♥s ✇❡r❡ ♣r❡❞♦♠✐♥❛♥t❧② ❝✲❋❖❙ ♣♦s✐t✐✈❡ ♦r ♣❊❘❑ ♣♦s✐t✐✈❡ ❛❢t❡r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥
✶✼
❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❝t✐✈❛t✐♦♥ ♦❢ ▼❆P❑ ❞♦❡s ♥♦t s❡❡♠ t♦ ❜❡ r❡q✉✐r❡❞ ✐♥ t❤❡
❡♥t♦r❤✐♥❛❧ ❝♦rt❡① ✭❇❡✈✐❧❛q✉❛ ❡t ❛❧✳ ✭✷✵✵✻✮✮ ❛♥❞ ✐♥ t❛st❡ ❛✈❡rs✐♦♥ ❡①t✐♥❝t✐♦♥ ✭❇❡r♠❛♥ ❛♥❞ ❉✉❞❛✐
✭✷✵✵✶✮✮✳ ❋❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥ ❛❧s♦ s❡❡♠s t♦ ❞❡♣❡♥❞ ♦♥ ❈❛▼❑■■ ❛❝t✐✈❛t✐♦♥ ✐♥ t❤❡ ❛♠②❣❞❛❧❛
❛♥❞ ❤✐♣♣♦❝❛♠♣✉s✱ ❛s s❤♦✇♥ ✐♥ ❜♦t❤ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❛♥❞ ❣❡♥❡t✐❝ ❛♣♣r♦❛❝❤❡s ✭❙③❛♣✐r♦ ❡t ❛❧✳
✭✷✵✵✸✮✱ ❇❡✈✐❧❛q✉❛ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❑✐♠✉r❛ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ▼②s❦✐✇ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❆s ♠❡♥t✐♦♥❡❞
❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✱ ❢♦r ♣r♦❝❡ss❡s ✐♥✈♦❧✈✐♥❣ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✱ t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ t❤❡s❡
❦✐♥❛s❡s ✐s ♥♦t s✉✣❝✐❡♥t✳ ❚❤❡ ♥✉❝❧❡❛r✲❧♦❝❛❧✐s❡❞ ❦✐♥❛s❡ ❈❛▼❑■❱ ♥❡❡❞s t♦ ❜❡ ❛❝t✐✈❛t❡❞✱ ❛♥❞ t❤❡
❞♦✇♥str❡❛♠ t❛r❣❡ts ❈❘❊❇ ❛♥❞ ❈❇P ❤❛✈❡ t♦ ❜❡ ♣❤♦s♣❤♦r②❧❛t❡❞✳ ❚❤♦✉❣❤ ✐t ✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞
t❤❛t ▲❚▼ ❢♦r♠❛t✐♦♥ r❡q✉✐r❡s ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ❛♥❞ ♣r♦t❡✐♥ s②♥t❤❡s✐s✱ t❤❡✐r r❡q✉✐r❡♠❡♥t ✐♥ ❢❡❛r
❡①t✐♥❝t✐♦♥ ✐s ♥♦t ❛s ❝❧❡❛r✳ ❈❘❊❇✲♠❡❞✐❛t❡❞ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✇❛s r❡♣♦rt❡❞ t♦ ❜❡ r❡q✉✐r❡❞ ✐♥ t❤❡
♣r❡❢r♦♥t❛❧ ❝♦rt❡① ✭P❋❈✮ ❛♥❞ ✐♥ t❤❡ ❛♠②❣❞❛❧❛✱ t❤♦✉❣❤ ✐t ✇❛s ♥♦t r❡q✉✐r❡❞ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s
✭▼❛♠✐②❛ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ st✉❞✐❡s ✉s✐♥❣ tr❛♥s❝r✐♣t✐♦♥ ✐♥❤✐❜✐t♦rs ❞✐❞ ♥♦t ❞❡t❡❝t
❡①t✐♥❝t✐♦♥ ❞❡✜❝✐ts ✇❤❡♥ ✐♥❥❡❝t❡❞ ✐♥ t❤❡ ❛♠②❣❞❛❧❛ ✭▲✐♥ ❡t ❛❧✳ ✭✷✵✵✸✮✮ ❜✉t✱ r❛t❤❡r✱ ✇❤❡♥ ✐♥❥❡❝t❡❞
✐♥t♦ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✭❱✐❛♥♥❛ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❋✉rt❤❡r✱ st✉❞✐❡s ✐♥❤✐❜✐t✐♥❣ ♣r♦t❡✐♥ s②♥t❤❡s✐s ✐♥
t❤❡ ✐♥s✉❧❛r ❝♦rt❡① ❛♥❞ ❛♠②❣❞❛❧❛ ♦r ❤✐♣♣♦❝❛♠♣✉s ❤❛✈❡ s❡❡♥ ❡①t✐♥❝t✐♦♥ ❞❡✜❝✐ts ✐♥ t❤❡ ❝♦♥❞✐t✐♦♥❛❧
t❛st❡ ❛✈❡rs✐♦♥ ❛♥❞ ♦♥❡✲tr✐❛❧ ✐♥❤✐❜✐t♦r② ❛✈♦✐❞❛♥❝❡ t❛s❦✱ r❡s♣❡❝t✐✈❡❧② ✭❇❡r♠❛♥ ❛♥❞ ❉✉❞❛✐ ✭✷✵✵✶✮✱
❱✐❛♥♥❛ ❡t ❛❧✳ ✭✷✵✵✶✮✱ ❇❛❤❛r ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ♣r♦t❡✐♥ s②♥t❤❡s✐s ✐♥❤✐❜✐t♦r
❛♥✐s♦♠②❝✐♥ ✇❛s ✐♥❥❡❝t❡❞ s✉❜❝✉t❛♥❡♦✉s❧②✱ ♥♦ ❡①t✐♥❝t✐♦♥ ❞❡✜❝✐ts ❝♦✉❧❞ ❜❡ ❞❡t❡❝t❡❞ ✐♥ s♣❛t✐❛❧
♠❡♠♦r② ❡①t✐♥❝t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ✭▲❛tt❛❧ ❛♥❞ ❆❜❡❧ ✭✷✵✵✶✮✮✳
❙♦♠❡ ❣❡♥❡s t❤❛t ❤❛✈❡ ❛ ❦♥♦✇♥ ❢✉♥❝t✐♦♥ ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ❤❛✈❡ ❛❧s♦ ❜❡❡♥ s❤♦✇♥ t♦
❜❡ r❡❣✉❧❛t❡❞ ❞✉r✐♥❣ ❡①t✐♥❝t✐♦♥✳ ❊❛r❧② ❣r♦✇t❤ r❡s♣♦♥s❡ ♣r♦t❡✐♥ ✶ ✭❊●❘✶✮ ✇❛s r❡♣♦rt❡❞ t♦
❜❡ ✉♣r❡❣✉❧❛t❡❞ ✐♥ t❤❡ ♠❡❞✐❛❧ P❋❈ ❛♥❞ ❛♠②❣❞❛❧❛ ❛❢t❡r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ✭❍❡rr② ❛♥❞ ▼♦♥s
✭✷✵✵✹✮✮✳ ❋✉rt❤❡r✱ ❛ r❡❝❡♥t st✉❞② ❤❛s s❤♦✇♥ t❤❛t ❞♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❆❘❈ ✐♥ t❤❡ ❛♠②❣❞❛❧❛
❝❛✉s❡s ✐♠♣❛✐r♠❡♥ts ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥✳ ❚❤❡ ❜❡st st✉❞✐❡❞ ❣❡♥❡ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❢❡❛r ❡①t✐♥❝t✐♦♥
✐s ♣r♦❜❛❜❧② ❇❉◆❋✳ ■ts r❡q✉✐r❡♠❡♥t ❢♦r ❢❡❛r ❡①t✐♥❝t✐♦♥ ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ s❡✈❡r❛❧ ❜r❛✐♥ ❛r❡❛s
s✉❝❤ ❛s t❤❡ ❛♠②❣❞❛❧❛ ✭❈❤❤❛t✇❛❧ ❡t ❛❧✳ ✭✷✵✵✻✮✮✱ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✭❍❡❧❞t ❡t ❛❧✳ ✭✷✵✵✼✮✮ ❛♥❞ t❤❡
♠❡❞✐❛❧ P❋❈ ✭P❡t❡rs ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ▼♦r❡♦✈❡r✱ ❛ s✐♥❣❧❡ ♥✉❝❧❡♦t✐❞❡ ♣♦❧②♠♦r♣❤✐s♠ ✐♥ t❤❡ ❇❉◆❋
❣❡♥❡ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ t♦ ✐♠♣❛✐r ❡①t✐♥❝t✐♦♥ ✐♥ ❤✉♠❛♥s ✭❙♦❧✐♠❛♥ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ■♥ ❝♦♥tr❛st✱ t❤❡
r♦❧❡ ♦❢ ❝✲❋❖❙ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥ ✐s ❝♦♥tr♦✈❡rs✐❛❧✳ ❙♦♠❡ st✉❞✐❡s ❤❛✈❡ s❡❡♥ ❛♥ ✐♥❞✉❝t✐♦♥ ♦❢ ❝✲❋❖❙
❛❢t❡r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ✭❍❡rr② ❛♥❞ ▼♦♥s ✭✷✵✵✹✮✮✱ ❛♥❞ ♦t❤❡rs r❡♣♦rt❡❞ ❞❡❝r❡❛s❡❞ ❡①♣r❡ss✐♦♥
✐♥ ❝✲❋❖❙ ❛❢t❡r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ♠✐❝❡ t❤❛t ✇❡r❡ ❢❡❛r ❝♦♥❞✐t✐♦♥❡❞ ❜✉t ❞✐❞
♥♦t ✉♥❞❡r❣♦ ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ✭❚r♦♥s♦♥ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳ ■♥ ❝♦♥❝❧✉s✐♦♥✱ ✐t ❜❡❝♦♠❡s ❛♣♣❛r❡♥t
t❤❛t ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ s❤❛r❡ ❛ ✈❛r✐❡t② ♦❢ ♠♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠s✱ ❜✉t
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ t❛s❦s ♥♦♥❡t❤❡❧❡ss ❡①✐st✳ ❍♦✇❡✈❡r✱ ♠❛♥② st✉❞✐❡s ♦♥ ❢❡❛r ❡①t✐♥❝t✐♦♥
❝♦♠❡ t♦ ❝♦♥tr❛❞✐❝t♦r② ❝♦♥❝❧✉s✐♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♣r♦❜❛❜❧② ❜❡st ❡①♣❧❛✐♥❡❞ ❜② ❞✐✛❡r❡♥❝❡s ✐♥
t❤❡ ♣r♦t♦❝♦❧s ❛♣♣❧✐❡❞✳ ❆♠♦♥❣ t❤❡ ❝r✐t✐❝❛❧ ❢❛❝t♦rs ❛r❡✱ ♣r❡s✉♠❛❜❧②✱ ✇❤❡t❤❡r ✇✐t❤✐♥✲s❡ss✐♦♥ ♦r
❜❡t✇❡❡♥ s❡ss✐♦♥ ♣r♦t♦❝♦❧s ❛r❡ ✉s❡❞✱ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ❛♥❞ t❤❡ ❜r❛✐♥ r❡❣✐♦♥
✶✽
st✉❞✐❡❞✳
✹✳✹ ❆✐♠ ■■■
❖✉r ❛✐♠ ✇❛s t♦ st✉❞② ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ ✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ r❡❣✉❧❛t❡ ❈❘❊❇✴❈❇P✲❞❡♣❡♥❞❡♥t
❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✱ ✐s ✐♠♣♦rt❛♥t ❢♦r ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳ ■ ✐♥t❡r❢❡r❡❞ ✇✐t❤ ❤✐♣♣♦❝❛♠♣❛❧
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ✉s✐♥❣ t❤❡ ♥✉❝❧❡❛r✲t❛r❣❡t❡❞ ❝❛❧❝✐✉♠ ❜✉✛❡r P❛r✈❛❧❜✉♠✐♥✱ ❛♥❞ s✉❜✲
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■♥s✉❧✐♥✲❚r❛♥s❢❡rr✐♥✲❙❡❧❡♥✐✉♠ ✶✳✺ ♠❧
P❡♥✐❝✐❧❧✐♥✴❙tr❡♣t♦♠②❝✐♥ ✵✳✺ ♠❧
✶ st❡r✐❧❡ ✜❧t❡r❡❞ t❤r♦✉❣❤ ✵✳✷✷✲µ♠ ▼✐❧❧✐♣♦r❡ ✜❧t❡r
❛♥❞ st♦r❡❞ ❛t ✰✹◦❈✳
❚❛❜❧❡ ✻✿ ❉❡♣♦❧❛r✐③❛t✐♦♥ s♦❧✉t✐♦♥
❈♦♠♣♦♥❡♥t ❋✐♥❛❧ ❙t♦❝❦ ❋♦r ✶✵✵ ♠❧
❈♦♥❝❡♥tr❛t✐♦♥ ❈♦♥❝❡♥tr❛t✐♦♥
❑❈❧ ✶✼✵ ♠▼ ✸ ♠▼ ✺✳✻✼ ♠❧
❈❛❈❧✷ ✷ ♠▼ ✶ ▼ ✷✵✵ µ❧
▼❣❈❧✷ ✶ ♠▼ ✶✳✾ ♠▼ ✺✸ µ❧
❍❊P❊❙ ✶✵ ♠▼ ✶▼ ✶ ♠❧
P❤❡♥♦❧ ❘❡❞ ✵✳✵✺ ✪ ✶✵✵ ✪ ✷✵✵ µ❧
❚▼ ✉♣ t♦ ✶✵✵ ♠❧
✷✷
✺✳✷ ❆❆❱ ♣r♦❞✉❝t✐♦♥
✺✳✷✳✶ ❍❊❑ ❝❡❧❧ ❝✉❧t✉r✐♥❣
❍✉♠❛♥ ❡♠❜r②♦♥✐❝ ❦✐❞♥❡② ❝❡❧❧ ❧✐♥❡ ✷✾✸ ✭❍❊❑✲✷✾✸✱ ❆♠❡r✐❝❛♥ ❚②♣❡ ❈✉❧t✉r❡ ❈♦❧❧❡❝t✐♦♥✱ ❈❘▲✶✺✼✸✮
✇❛s ❝✉❧t✉r❡❞ ✐♥ ✢❛s❦s ✇✐t❤ ❉✉❧❜❡❝❝♦✬s ▼♦❞✐✜❡❞ ❊❛❣❧❡ ▼❡❞✐✉♠✲❝♦♠♣❧❡t❡ ✭❉▼❊▼✲❝♦♠♣❧❡t❡✮
✭❚❛❜❧❡ ✼✮✳ ❈❡❧❧s ✇❡r❡ s♣❧✐t ❜② ❛ ❞✐❧✉t✐♦♥ ❢❛❝t♦r ♦❢ ✶✿✺ ❛♥❞ ♣❛ss❛❣❡❞ ❡✈❡r② ✸ t♦ ✹ ❞❛②s✳ ■♥ ♦r❞❡r t♦
s♣❧✐t ❝❡❧❧s✱ ❝✉❧t✉r✐♥❣ ♠❡❞✐✉♠ ✇❛s r❡♠♦✈❡❞ ❛♥❞ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ t✇✐❝❡ ✇✐t❤ ♣❤♦s♣❤❛t❡ ❜✉✛❡r❡❞
s❛❧✐♥❡ ✭P❇❙✮✳ ❆❢t❡r✇❛r❞s✱ ✵✳✵✺✪ ❚r②♣s✐♥✲❊❉❚❆ ✭●✐❜❝♦❘©✮ ✇❛s ❛❞❞❡❞ t♦ t❤❡ ❝❡❧❧s ❞✐r❡❝t❧② ❛♥❞
❝❡❧❧s ✇❡r❡ ✐♥❝✉❜❛t❡❞ ❢♦r ✺ ♠✐♥ ❛t ✸✼◦❈✳ ❚❤❡ s❛♠❡ ✈♦❧✉♠❡ ♦❢ ❉▼❊▼✲❝♦♠♣❧❡t❡ ✇❛s s✉♣♣❧❡♠❡♥t❡❞
❛♥❞ ❝❡❧❧s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✐♥ ❛ ❋❛❧❝♦♥ t✉❜❡ ❢♦r s✉s♣❡♥s✐♦♥✳ ❚❤❡ ❝❡❧❧s ✇❡r❡ s♣✉♥ ❛t ✽✵✵❣ ❢♦r ✺ ♠✐♥ ❛t
r♦♦♠ t❡♠♣❡r❛t✉r❡ ✭❘❚✮ ❛♥❞ ♠❡❞✐✉♠ ✇❛s r❡♣❧❛❝❡❞ ❜② ❢r❡s❤ ❉▼❊▼✲❝♦♠♣❧❡t❡ ❢♦r r❡s✉s♣❡♥s✐♦♥✳
❚❤❡ ❝❡❧❧s ✇❡r❡ t❤❡♥ ♣❧❛t❡❞ ✐♥ ❛ ♥❡✇ ✢❛s❦✳
✺✳✷✳✷ ❍❊❑ ❝❡❧❧ tr❛♥s❢❡❝t✐♦♥
❍❊❑✷✾✸ ❝❡❧❧s ✇❡r❡ tr❛♥s❢❡❝t❡❞ ✉s✐♥❣ t❤❡ ❝❛❧❝✐✉♠ ♣❤♦s♣❤❛t❡ ♣r❡❝✐♣✐t❛t✐♦♥ ♠❡t❤♦❞✳ ❈❡❧❧s ✇❡r❡
♣❧❛t❡❞ ♦♥t♦ ✶✺✲❝♠ ❞✐s❤❡s ✭❚❈ ❉✐s❤✱ ◆❯◆❈✮ ❝♦♥t❛✐♥✐♥❣ ❉▼❊▼✲❝♦♠♣❧❡t❡✳ ▼❡❞✐✉♠ ✇❛s ❝❤❛♥❣❡❞
❢♦r ❡❛❝❤ ♣❧❛t❡ ✭✻✵✲✼✵✪ ❝♦♥✢✉❡♥t✮ ✷✲✸ ❤♦✉rs ♣r✐♦r t♦ tr❛♥s❢❡❝t✐♦♥ ✐♥ ■s❝♦✈❡❵s ▼♦❞✐✜❡❞ ❉✉❧❜❡❝❝♦
▼❡❞✐✉♠ ✭■▼❉▼❀ ▲✐❢❡ ❚❡❝❤♥♦❧♦❣✐❡s✴■♥✈✐tr♦❣❡♥✱ ❚❛❜❧❡ ✽✮✳ ❋✐✈❡ ❞✐s❤❡s ✇❡r❡ ✉s❡❞ ❢♦r ♣r♦❞✉❝✐♥❣
♦♥❡ ✈✐r✉s✳ ❚❤❡ r❡❛❣❡♥ts ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✾ ✇❡r❡ ✉s❡❞ ❢♦r ♣r♦❞✉❝✐♥❣ ♦♥❡ ✈✐r✉s✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s
✜❧t❡r❡❞ t❤r♦✉❣❤ ❛ ✵✳✷ µ♠ s②r✐♥❣❡ ✜❧t❡r ❛♥❞ ✶✸ ♠❧ ✷① ❍❡❇s ✭❚❛❜❧❡ ✶✵✮ ✇❛s ❛❞❞❡❞ s❧♦✇❧② ✇❤✐❧❡
✈♦rt❡①✐♥❣ ❢♦r ✶✺ s❡❝✳ ❚❤❡ tr❛♥s❢❡❝t✐♦♥ ♠✐①t✉r❡ ✇❛s ❛❞❞❡❞ ❞r♦♣✲✇✐s❡ t♦ t❤❡ ❝❡❧❧s✳ ❚❤❡ ♠❡❞✐✉♠
✇❛s r❡♣❧❛❝❡❞ ✇✐t❤ ❢r❡s❤ ❉▼❊▼ ✶✻✲✷✷ ❤ ❛❢t❡r tr❛♥s❢❡❝t✐♦♥✳
✺✳✷✳✸ ❱✐r✉s ❤❛r✈❡st✐♥❣
❆❜♦✉t ✻✵ ❤♦✉rs ❛❢t❡r tr❛♥s❢❡❝t✐♦♥✱ ❍❊❑✷✾✸✲❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ ♦♥❝❡ ✇✐t❤ ♣r❡✲✇❛r♠❡❞ P❇❙✱
❤❛r✈❡st❡❞✱ ♣❡❧❧❡t❡❞ ✭✺ ♠✐♥ ❛t ✽✵✵ ① ❣✮ ❛♥❞ r❡✲s✉s♣❡♥❞❡❞ ✐♥ ✶✵✵ ♠▼ ◆❛❈❧ ❛♥❞ ✶✵ ♠▼
❚r✐s✲❍❈❧ ✭♣❍ ✽✳✵✮✳ ❚❤❡ ❝❡❧❧s ✇❡r❡ t❤❡♥ ❧②s❡❞ ✇✐t❤ ✵✳✺✪ s♦❞✐✉♠ ❞❡♦①②❝❤♦❧❛t❡ ♠♦♥♦❤②❞r❛t❡
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❛❢t❡r✇❛r❞s ♣❡❧❧❡t❡❞ ❛t ✹◦❈ ❢♦r ✶✺ ♠✐♥ ❛t ✸✵✵✵❣✳ ❈❡❧❧ ♣❡❧❧❡ts ✇❡r❡ t❤❡♥ ❢r♦③❡♥ ❛t ✲✷✵◦❈ ✉♥t✐❧
✈✐r✉s ♣✉r✐✜❝❛t✐♦♥✳
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✺✳✷✳✹ ❱✐r✉s ♣✉r✐✜❝❛t✐♦♥
❈❡❧❧ ♣❡❧❧❡ts ✇❡r❡ t❤❛✇❡❞ ❛♥❞ ❝❡♥tr✐❢✉❣❡❞ ❛t ✸✵✵✵❣ ❢♦r ✶✺ ♠✐♥ ❛t ✹◦❈✳ ❚❤❡ ✈✐r✉s ✇❛s ♣✉r✐✜❡❞
✇✐t❤ ❤❡♣❛r✐♥ ❛✣♥✐t② ❍✐❚r❛♣❚▼ ❍❡♣❛r✐♥ ❍P ❈♦❧✉♠♥s ✭●❊ ❍❡❛❧t❤❝❛r❡✮✳ ❈♦❧✉♠♥s ✇❡r❡ ♣r❡✲
❡q✉✐❧✐❜r❛t❡❞ ✇✐t❤ ✶✵ ♠❧ ✶✺✵ ♠▼ ◆❛❈❧✴✷✵ ♠▼ ❚r✐s ✭♣❍ ✽✳✵✮✳ ❚❤❡ s❛♠♣❧❡ s♦❧✉t✐♦♥ ✇❛s t❤❡♥
❧♦❛❞❡❞ ✉s✐♥❣ ❛ ✺✵✲♠❧ s②r✐♥❣❡ ❛♥❞ s❡t ✉♣ ♦♥ t❤❡ ❍❛r✈❛r❞ ✐♥❢✉s✐♦♥ ♣✉♠♣ ❛t ✶ ♠❧✴♠✐♥✳ ❚❤❡
❝♦❧✉♠♥ ✇❛s ✇❛s❤❡❞ ✇✐t❤ ✷✵ ♠❧ ♦❢ ✶✵✵ ♠▼ ◆❛❈❧✴✷✵ ♠▼ ❚r✐s ✭♣❍ ✽✳✵✮✳ ❆❧❧ st❡♣s ✇❡r❡ ❞♦♥❡ ❛t
❛ ✢♦✇ r❛t❡ ♦❢ ✶ ♠❧✴♠✐♥✳ ❚❤❡ ❝♦❧✉♠♥ ✇❛s ✇❛s❤❡❞ ♠❛♥✉❛❧❧② ❛❣❛✐♥ ✇✐t❤ ✶ ♠❧ ✷✵✵ ♠▼ ◆❛❈❧✴✷✵
♠▼ ❚r✐s ✭♣❍ ✽✳✵✮ ❛♥❞ ✶ ♠❧ ✸✵✵ ♠▼ ◆❛❈❧✴✷✵ ♠▼ ❚r✐s ✭♣❍ ✽✳✵✮ ❛♥❞ t❤❡ ✈✐r✉s ✇❛s ❡❧✉t❡❞ ✉s✐♥❣
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▼❡❞✐✉♠✲❝♦♠♣❧❡t❡ ✭■▼❉▼✲❝♦♠♣❧❡t❡✮
❈♦♠♣♦♥❡♥t ✶ ❱♦❧✉♠❡ ✭♠❧✮
■▼❉▼ ✺✵✵
❋❡t❛❧ ❝❛❧❢ s❡r✉♠ ✷ ✷✺
✶ ❆❧❧ ❢r♦♠ ●■❇❙❈❖ ❘©
✷ ❍❡❛t ✐♥❛❝t✐✈❛t❡❞ ✭✸✵ ♠✐♥ ❛t ✺✻◦❈✮
❚❛❜❧❡ ✾✿ ❚r❛♥s❢❡❝t✐♦♥ ♠✐①t✉r❡
❈♦♠♣♦♥❡♥t ❆♠♦✉♥t
❍✷❖ ✶✺ ♠❧
❈❛❈❧✷ ✭✷✳✺ ▼✮ ✶✳✻✺ ♠❧
❆❆❱ ♣❧❛s♠✐❞ ✻✷✳✺ µ❣
♣❋❞❡❧t❛✻ ✭❆❆❱ ❤❡❧♣❡r✮ ✶✷✺ µ❣
♣◆▲r❡♣ ✭❆❆❱ ❤❡❧♣❡r✮ ✸✵ µ❣
♣❍✷✶ ✭❆❆❱ ❤❡❧♣❡r✮ ✸✶✳✷✺ µ❣
✶ ♠✐①t✉r❡ ✜❧t❡r❡❞ t❤r♦✉❣❤ ✵✳✷✲µ♠
s②r✐♥❣❡ ✜❧t❡r
❚❛❜❧❡ ✶✵✿ ✷① ❍❡❇❙
❈♦♠♣♦♥❡♥t ❋✐♥❛❧ ❋♦r ✺✵✵ ♠❧
❈♦♥❝❡♥tr❛t✐♦♥
❍❊P❊❙ ✺✵ ♠▼ ✺✳✾✺✼ ❣
◆❛❈❧ ✷✽✵ ♠▼ ✽✳✶✽✷ ❣
◆❛✷❍P❖✹ ✶✳✺ ♠▼ ✵✳✶✵✻✺ ❣
❍✷❖ t♦ ✺✵✵ ♠❧
✶ ♣❍ ❛❞❥✉st❡❞ t♦ ✼✳✵✺
✷ st❡r✐❧❡ ✜❧t❡r❡❞ t❤r♦✉❣❤ ✵✳✷✷✲µ♠ ▼✐❧❧✐♣♦r❡
✜❧t❡r ❛♥❞ st♦r❡❞ ❛t ✰✹◦❈✳
✷✺
✺✳✸ ❘◆❆ ❡①tr❛❝t✐♦♥✱ ❝❉◆❆ s②♥t❤❡s✐s ❛♥❞ qP❈❘ ❛♥❛❧②s✐s
❚❤❡ ❘◆❆ ❢r♦♠ ❤✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s ✇❛s ❡①tr❛❝t❡❞ ✉♥❞❡r ❘◆❛s❡ ❢r❡❡ ❝♦♥❞✐t✐♦♥s ✉s✐♥❣ t❤❡
❘◆❡❛s② ❚♦t❛❧ ❘◆❆ ✐s♦❧❛t✐♦♥ ❦✐t ✭◗✐❛❣❡♥✱ ❘♦❝❤❡✮ ❛❝❝♦r❞✐♥❣ t♦ ♠❛♥✉❢❛❝t✉r❡r✬s ✐♥str✉❝t✐♦♥s✱
✐♥❝❧✉❞✐♥❣ ❉◆❆s❡ tr❡❛t♠❡♥t ✇✐t❤ ❘◆❛s❡✲❢r❡❡ ❉◆❛s❡ s❡t ✭◗✐❛❣❡♥✮✳
❋♦r ❝♦♠♣❧❡♠❡♥t❛r② ❉◆❆ ✭❝❉◆❆✮ s②♥t❤❡s✐s✱ ❛ t♦t❛❧ ♦❢ ✶µ❣ ❘◆❆ ♣❡r s❛♠♣❧❡ ✇❛s r❡✈❡rs❡❞
tr❛♥s❝r✐❜❡❞ ✉s✐♥❣ t❤❡ ❍✐❣❤ ❈❛♣❛❝✐t② ❝❉◆❆ ❘❡✈❡rs❡ ❚r❛♥s❝r✐♣t✐♦♥ ❑✐t ✭❆♣♣❧✐❡❞ ❇✐♦s②st❡♠s✮✳
◗✉❛♥t✐t❛t✐✈❡ r❡❛❧ t✐♠❡ P❈❘ ✭q❘❚✲P❈❘✮ ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ ❛♥ ❆❇■✼✸✵✵ t❤❡r♠❛❧ ❝②❝❧❡r✳
❚❤❡ ✉♥✐✈❡rs❛❧ q❘❚✲P❈❘ ♠❛st❡r ♠✐① ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❚❛q▼❛♥ ●❡♥❡ ❊①♣r❡ss✐♦♥ ❆ss❛②s
✭❆♣♣❧✐❡❞ ❇✐♦s②st❡♠s✮ ✇❛s ✉s❡❞✿ ❉♥♠t✶ ✭▼♠✵✵✺✾✾✼✻✸❴♠✶✮✱ ❉♥♠t✸❛✶ ✭▼♠✵✵✹✸✷✽✼✵❴♠✶✮✱
❉♥♠t✸❛✷ ✭▼♠✵✵✹✻✸✾✽✼❴♠✶✮✱ ❉♥♠t✸❜ ✭▼♠✵✵✺✾✾✽✵✵❴♠✶✮✱ ❆r❝ ✭▼♠✵✵✹✼✾✻✶✾❴❣✶✮✱ ❇❞♥❢
✭▼♠✵✵✹✸✷✵✻✾❴♠✶✮✱ ◆✉rr✼✼ ✭▼♠✵✵✹✸✾✸✺✽❴♠✶✮✱❋♦s ✭▼♠✵✵✹✽✼✹✷✺❴♠✶✮ ❛♥❞
❊❣r✶ ✭▼♠✵✵✻✺✻✼✷✹❴♠✶✮✳ ●❡♥❡ ❈t✲✈❛❧✉❡s ✇❡r❡ ♥♦r♠❛❧✐s❡❞ t♦ ●✉s❇✱ ✉s❡❞ ❛s t❤❡ ❡♥❞♦❣❡♥♦✉s
❝♦♥tr♦❧ ❣❡♥❡✳
✺✳✹ ■♠♠✉♥♦❤✐st♦❝❤❡♠✐str②
▼✐❝❡ ✇❡r❡ ♣❡r❢✉s❡❞ ✇✐t❤ ✶✵✪ ❢♦r♠❛❧✐♥ ✭❙✐❣♠❛✲❆❧❞r✐❝❤✱ ▼✉♥✐❝❤✱ ●❡r♠❛♥②✮✳ ❚❤❡ ❜r❛✐♥s ✇❡r❡
♣♦st✲✜①❡❞ ✐♥ t❤❡ s❛♠❡ s♦❧✉t✐♦♥ ♦✈❡r♥✐❣❤t✳ ❋♦r ❝r②♦♣r♦t❡❝t✐♦♥✱ ❜r❛✐♥s ✇❡r❡ tr❛♥s❢❡rr❡❞ t♦ ❛
s♦❧✉t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ✸✵✪ s✉❝r♦s❡ ✐♥ ✵✳✶ ▼ P❇❙ ❝♦♥t❛✐♥✐♥❣ ✵✳✵✹✪ t❤✐♠❡r♦s❛❧ ✭❙✐❣♠❛✮✳ ❇r❛✐♥s
✇❡r❡ ❝✉t ❛t ❛ t❤✐❝❦♥❡ss ♦❢ ✸✵µ♠✳ ❙❧✐❝❡s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❛♥❞ st♦r❡❞ ✐♥ P❇❙ ❝♦♥t❛✐♥✐♥❣ ✵✳✵✹✪
t❤✐♠❡r♦s❛❧ ✉♥t✐❧ ❢✉rt❤❡r ♣r♦❝❡ss✳ ❙❧✐❝❡s ✇❡r❡ t❤❡♥ ✇❛s❤❡❞ ✐♥ P❇❙ ❢♦r ✺ ♠✐♥ ❛♥❞ ♣❡r♠❡❛❜✐❧✐③❡❞
✇✐t❤ ✵✳✶✪ ❚r✐t♦♥ ❳✲✶✵✵ ✐♥ P❇❙✳ ❋♦r ✺✲♠❡t❤②❧❝②t♦s✐♥❡ st❛✐♥✐♥❣✱ t❤❡ s❧✐❝❡s ✇❡r❡ ♣❡r♠❡❛❜✐❧✐③❡❞
✇✐t❤ ♠❡t❤❛♥♦❧ ❢♦r ✻ ♠✐♥ ❛t ✲✷✵◦❈ ❛♥❞ ✐♥❝✉❜❛t❡❞ ✇✐t❤ ✶ ▼ ❍❈❧ ❢♦r ✷ ❤♦✉rs ❛t ❘❚✳ ❆❧❧ s❧✐❝❡s ✇❡r❡
t❤❡♥ ❜❧♦❝❦❡❞ ✐♥ ✽✪ ♥♦r♠❛❧ ❣♦❛t s❡r✉♠ ✭◆●❙✮ ♦r✱ ♥♦r♠❛❧ ❞♦♥❦❡② s❡r✉♠ ✭◆❉❙✮ ❢♦r ❞♦✉❜❧❡❝♦rt✐♥
✭❉❈❳✮ st❛✐♥✐♥❣✱ ✇✐t❤ ✵✳✸✪ ❚r✐t♦♥ ❳✲✶✵✵ ✐♥ P❇❙ ❢♦r ✺✵ ♠✐♥ ❛t ❘❚✳ ❙❧✐❝❡s ✇❡r❡ ✇❛s❤❡❞ t❤r❡❡
t✐♠❡s ❢♦r ✜✈❡ ♠✐♥✉t❡s ✇✐t❤ P❇❙ ❛♥❞ ✇❡r❡ t❤❡♥ ✐♥❝✉❜❛t❡❞ ✇✐t❤ t❤❡ ♣r✐♠❛r② ❛♥t✐❜♦❞②✱ ❞✐❧✉t❡❞
✐♥ P❇❙ ❝♦♥t❛✐♥✐♥❣ ✷✪ ◆●❙ ❛♥❞ ✵✳✸✪ ❚r✐t♦♥ ❳✲✶✵✵ ♦✈❡r♥✐❣❤t ❛t ✹◦❈✳ ❋♦r ❉❈❳ st❛✐♥✐♥❣ s❧✐❝❡s
✇❡r❡ ✐♥❝✉❜❛t❡❞ ✇✐t❤ t❤❡ ♣r✐♠❛r② ❛♥t✐❜♦❞② ✐♥ P❇❙ ❝♦♥t❛✐♥✐♥❣ ✸✪ ◆❉❙✳ ❚❤❡ ♥❡①t ❞❛②✱ s❧✐❝❡s
✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ t❤r❡❡ t✐♠❡s ❢♦r ✜✈❡ ♠✐♥✉t❡s ✭❢♦r ❉❈❳ st❛✐♥✐♥❣ P❇❙ ❝♦♥t❛✐♥❡❞ ✵✳✶✪
❚r✐t♦♥✮ ❛♥❞ ✇❡r❡ ✐♥❝✉❜❛t❡❞ ✐♥ t❤❡ s❡❝♦♥❞❛r② ❛♥t✐❜♦❞② ❞✐❧✉t❡❞ ✐♥ P❇❙ ❢♦r ✷ ❤♦✉rs ✐♥ t❤❡ ❞❛r❦ ❛t
❘❚✳ ❙❧✐❝❡s ✇❡r❡ ✇❛s❤❡❞ ❛❣❛✐♥ ❛♥❞ ✐♥❝✉❜❛t❡❞ ✐♥ ❍♦❡❝❤st ✸✸✷✺✽ ✭✶✿✺✵✵✵✱ ❙❡r✈❛✮ ❢♦r ✺ ♠✐♥✳ ❚❤❡
s❧✐❝❡s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❛♥❞ ♠♦✉♥t❡❞ ♦♥ ❣❧❛ss s❧✐❞❡s ✭▼❛r✐❡♥❢❡❧❞✱ ●❡r♠❛♥②✮✳
❚❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ✇❛s ❞♦♥❡ ✇✐t❤ ■♠❛❣❡❏ ✭❯❙ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡s ♦❢ ❍❡❛❧t❤✮✳ ❚❤❡ ✐♥❢❡❝t❡❞
❛r❡❛ ✇❛s ❞❡✜♥❡❞ ❛s t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✱ ❛♥❞ t❤❡ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ s✐❣♥❛❧ ✐♥t❡♥s✐t② ✇❛s
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●♦❛t✲■❣● ❞♦♥❦❡② ✲ ✶✿✶✵✵✵ ❉✐❛♥♦✈❛
✭❆❧❡①❛✺✺✺ ❝♦♥❥✉❣❛t❡❞✮
✈❛❧✉❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✢✉♦r❡s❝❡♥❝❡ ✇❛s ❛ss❡ss❡❞ ❢♦r ❡❛❝❤ ♣✐❝t✉r❡ ❛♥❞ s✉❜tr❛❝t❡❞
❢r♦♠ t❤❡ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ s✐❣♥❛❧ ✐♥t❡♥s✐t② ✈❛❧✉❡✳
✺✳✺ ■♠♠✉♥♦❝②t♦❝❤❡♠✐str②
❖♥ ❉■❱✶✵✱ ♠❡❞✐✉♠ ✇❛s r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ❝❡❧❧s ❛♥❞ t❤❡ ❝❡❧❧s ✇❡r❡ ✜①❡❞ ✇✐t❤ ✹✪ P❋❆ ❢♦r ✶✺ ♠✐♥✳
❋♦r ✺✲♠❡t❤②❧❝②t♦s✐♥❡ st❛✐♥✐♥❣✱ t❤❡ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ ✸① ✇✐t❤ P❇❙ ❛♥❞ ❛❢t❡r✇❛r❞s ♣❡r♠❡❛❜✐❧✐s❡❞
✇✐t❤ ♠❡t❤❛♥♦❧ ❢♦r ✻ ♠✐♥ ❛t ✲✷✵◦❈✳ ❆❢t❡r ✇❛s❤✐♥❣ t❤❡ ❝❡❧❧s ❛❣❛✐♥ t✇✐❝❡ ✇✐t❤ P❇❙✱ t❤❡② ✇❡r❡
✐♥❝✉❜❛t❡❞ ✇✐t❤ ✶ ▼ ❍❈❧ ❢♦r ✷ ❤♦✉rs ❛t ❘❚✳ ❆❧❧ ❝♦✈❡r s❧✐♣s ✇❡r❡ ✇❛s❤❡❞ ✹① ❢♦r ✺ ♠✐♥ ✐♥ P❇❙✳
❈❡❧❧s ✇❡r❡ ❜❧♦❝❦❡❞ ✇✐t❤ ✶✵✪ ◆●❙ ✐♥ P❇❙ ❢♦r ✶ ❤♦✉r ❛t ❘❚✳ ❚❤❡ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ t✇✐❝❡ ✐♥ P❇❙
❛♥❞ ✐♥❝✉❜❛t❡❞ ✇✐t❤ t❤❡ ♣r✐♠❛r② ❛♥t✐❜♦❞② ✐♥ P❇❙ ❝♦♥t❛✐♥✐♥❣ ✷✪ ❇♦✈✐♥❡ s❡r✉♠ ❛❧❜✉♠✐♥ ✭❇❙❆✮
❛♥❞ ✵✳✶✪ ❚r✐t♦♥ ❖◆ ❛t ✹◦❈✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❞❛②✱ t❤❡ ❝♦✈❡rs❧✐♣s ✇❡r❡ ✇❛s❤❡❞ ❢♦✉r t✐♠❡s ✇✐t❤
P❇❙ ❛♥❞ ✐♥❝✉❜❛t❡❞ ✇✐t❤ t❤❡ s❡❝♦♥❞❛r② ❛♥t✐❜♦❞② ✐♥ ✷✪ ❇❙❆ ❛♥❞ ✵✳✶✪ ❚r✐t✐♦♥ ✐♥ P❇❙✳ ❚❤❡
✐♥❝✉❜❛t✐♦♥ t✐♠❡ ✇❛s ✶ ❤r ❛t ❘❚✳ ❚❤❡ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ ✸① ✇✐t❤ P❇❙✱ ✐♥❝✉❜❛t❡❞ ✇✐t❤ ❍♦❡❝❤st
st❛✐♥ ❢♦r ✺ ♠✐♥ ❛t ❘❚ ❛♥❞ ✇❛s❤❡❞ ❛❣❛✐♥ t✇✐❝❡ ✇✐t❤ P❇❙✳ ❚❤❡ ❝♦✈❡r s❧✐♣s ✇❡r❡ r✐♥s❡❞ ✐♥ ✇❛t❡r
❛♥❞ ♠♦✉♥t❡❞ ♦♥ s❧✐❞❡s ✇✐t❤ ▼♦✇✐♦❧✳ ❋♦r ❛♥❛❧②s✐s✱ ❞✐✛❡r❡♥t ❛r❡❛s ♦❢ t❤❡ ❝♦✈❡rs❧✐♣ ✇❡r❡ ✐♠❛❣❡❞
❛♥❞ ♠✐❝r♦s❝♦♣❡ s❡tt✐♥❣s ✇❡r❡ ✐❞❡♥t✐❝❛❧ ❢♦r ❛❧❧ ❝♦♥❞✐t✐♦♥s✳ ■♠❛❣❡❏ ✭❯❙ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡s ♦❢
❍❡❛❧t❤✮ ✇❛s ✉s❡❞ ❢♦r q✉❛♥t✐✜❝❛t✐♦♥✳ ❋♦r ♠❡❛s✉r✐♥❣ t❤❡ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ s✐❣♥❛❧ ✐♥t❡♥s✐t②✱ t❤❡
♥✉❝❧❡✉s ♦❢ ❛♥ ✐♥❢❡❝t❡❞ ❝❡❧❧ ✇❛s ❞❡✜♥❡❞ ❛s t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ♠❡❛♥ ✢✉♦r❡s❝❡♥❝❡ ✇❛s
♠❡❛s✉r❡❞ ❛♥❞ ♣❧♦tt❡❞ ❛s ❛♥ ❛r❜✐tr❛r② ✈❛❧✉❡✳
✷✼
✺✳✻ ▼✐❝❡
❲❡ ✉s❡❞ ✽✲✇❡❡❦✲♦❧❞✲♠❛❧❡ ❈✺✼❇❧✴✻❏ ♠✐❝❡ ❢r♦♠ ❈❤❛r❧❡s ❘✐✈❡r✳ ❋♦r t❤❡ ❛❣✐♥❣ st✉❞✐❡s✱ ✇❡ ✉s❡❞
✽✲✇❡❡❦✲♦❧❞ ✭②♦✉♥❣✮ ❛♥❞ ✶✽✲♠♦♥t❤✲♦❧❞ ✭❛❣❡❞✮ ♠✐❝❡ ❢r♦♠ ❏❛♥✈✐❡r✳ ▼✐❝❡ ✇❡r❡ ❣r♦✉♣ ❤♦✉s❡❞ ✐♥
❛ ❝♦♥tr♦❧❧❡❞ ❡♥✈✐r♦♥♠❡♥t ✭✶✷ ❤♦✉r ❧✐❣❤t ❞❛r❦ ❝②❝❧❡✱ ✷✷±✶◦❈✮ ✇✐t❤ ✇❛t❡r ❛♥❞ ❢♦♦❞ ❛❞ ❧✐❜✐t✉♠✳
❆❧❧ ♣r♦❝❡❞✉r❡s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ●❡r♠❛♥ ❣✉✐❞❡❧✐♥❡s ❢♦r t❤❡ ❝❛r❡ ❛♥❞ ✉s❡ ♦❢
❧❛❜♦r❛t♦r② ❛♥✐♠❛❧s ❛♥❞ ✇✐t❤ t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✉♥✐t② ❈♦✉♥❝✐❧ ❉✐r❡❝t✐✈❡ ✽✻✴✻✵✾✴❊❊❈✳
✺✳✼ ❙t❡r❡♦t❛①✐❝ s✉r❣❡r②
r❆❆❱s ✇❡r❡ ❞❡❧✐✈❡r❡❞ ✐♥t♦ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡ ❜② st❡r❡♦t❛①✐❝ ✐♥❥❡❝t✐♦♥✳ ▼✐❝❡ ✇❡r❡
r❛♥❞♦♠❧② ❣r♦✉♣❡❞ ❛♥❞ ❛♥❛❡st❤❡s✐❡❞ ✇✐t❤ ❛ s❧❡❡♣ ♠✐① ✭✽µ❧✴❣❀ ♠✐① ❝♦♥t❛✐♥✐♥❣ ✺✳✺ ♠❧ ◆❛❈❧
✐s♦t♦♥✐❝✱ ✵✳✺ ♠❧ ❉♦r♠✐t♦r✱ ✶ ♠❧ ❉♦r♠✐❝✉♠ ❛♥❞ ✶ ♠❧ ❋❡♥t❛♥②❧✮✳ ❆ t♦t❛❧ ✈♦❧✉♠❡ ♦❢ ✶✳✺µ❧ ✈✐r✉s
♣❡r ❤❡♠✐s♣❤❡r❡✱ ❛t ❛ s♣❡❡❞ ♦❢ ✷✵✵ ♥❧✴♠✐♥ t❤r♦✉❣❤ ❛ ✸✸● ♥❡❡❞❧❡✱ ✇❛s ✐♥❥❡❝t❡❞✳ ❋♦r ✐♥❢❡❝t✐♦♥
✇✐t❤ ♦♥❧② ♦♥❡ ✈✐r✉s✱ ❛ ✷✿✶ ♠✐①t✉r❡ ♦❢ ✈✐r❛❧ s♦❧✉t✐♦♥ ❛♥❞ ✷✵✪ ▼❛♥♥✐t♦❧ ✇❛s ✉s❡❞✳ ■♥ ❡①♣❡r✐♠❡♥ts
✇❤✐❝❤ r❡q✉✐r❡❞ ✐♥❢❡❝t✐♦♥ ♦❢ t✇♦ ✈✐r✉s❡s ❛ ♠✐①t✉r❡ ♦❢ ✶✿✶✿✶ ❢♦r ✈✐r❛❧ s♦❧✉t✐♦♥s ❛♥❞ ♠❛♥♥✐t♦❧ ✇❛s
✐♥❥❡❝t❡❞✳ ■❢ ❛ s✐♥❣❧❡ ✐♥❢❡❝t✐♦♥ ✇❛s ❝♦♥❞✉❝t❡❞ ❛s ❛ r❡❢❡r❡♥❝❡ ✐♥ t❤❡ s❛♠❡ ❡①♣❡r✐♠❡♥t ❛s ❞♦✉❜❧❡
✐♥❢❡❝t✐♦♥s✱ ❛ ♠✐①t✉r❡ ♦❢ ✶✿✶✿✶ ♦❢ ✈✐r❛❧ s♦❧✉t✐♦♥✱ P❇❙ ❛♥❞ ▼❛♥♥✐t♦❧ ✇❛s ✐♥❥❡❝t❡❞✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣
❝♦♦r❞✐♥❛t❡s r❡❧❛t✐✈❡ t♦ ❇r❡❣♠❛ ✇❡r❡ ✉s❡❞✿ ❛♥t❡r✐♦r♣♦st❡r✐♦r❀ ✲✷ ♠♠✱ ♠❡❞✐♦❧❛t❡r❛❧❀ ±✶✳✺ ♠♠✱
❞♦rs♦✈❡♥tr❛❧❀ ✲✶✳✼✱ ✲✶✳✾ ❛♥❞ ✲✷✳✶ ♠♠ ❢r♦♠ t❤❡ s❦✉❧❧ s✉r❢❛❝❡✳ ❚❤❡ ✐♥❥❡❝t✐♦♥ ♥❡❡❞❧❡ r❡♠❛✐♥❡❞ ❛♥
❛❞❞✐t✐♦♥❛❧ ✻✵ s ✐♥ ♣❧❛❝❡ t♦ ❛❧❧♦✇ t❤❡ ✢✉✐❞ t♦ ❞✐✛✉s❡✳ ❆❢t❡r t❤❡ s✉r❣❡r✐❡s✱ ♠✐❝❡ ✇❡r❡ ❣✐✈❡♥ ♣❛✐♥
❦✐❧❧❡rs ✭✹✳✽µ❧ ✴❣❀ ♠✐① ❝♦♥t❛✐♥✐♥❣ ✹✳✼✺♠❧ ◆❛❈❧ ✐s♦t♦♥✐❝ ❛♥❞ ✷✺✵µ❧ ❚❡♠❣❡s✐❝✮ ❛♥❞ ❛ ✇❛❦❡✲✉♣ ♠✐①
✭✽✳✹µ❧✴❣❀ ♠✐① ❝♦♥t❛✐♥✐♥❣ ✵✳✺ ♠❧ ❆♥t✐s❡❞❛♥✱ ✺ ♠❧ ❆♥❡①❛t❡ ❛♥❞ ✸ ♠❧ ◆❛❧♦①♦♥✮✳ ❇❡❤❛✈✐♦✉r❛❧
❡①♣❡r✐♠❡♥ts ❛♥❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❛❧②s❡s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✸ ✇❡❡❦s ❛❢t❡r st❡r❡♦t❛①✐❝ ❞❡❧✐✈❡r② ♦❢
r❆❆❱s✱ ✉♥❧❡ss st❛t❡❞ ♦t❤❡r✇✐s❡✳
✺✳✽ ❑❛✐♥✐❝ ❛❝✐❞ ❛❞♠✐♥✐str❛t✐♦♥
▼✐❝❡ ✇❡r❡ ✐♥❥❡❝t❡❞ ✐♥tr❛♣❡r✐t♦♥❡❛❧❧② ✇✐t❤ ❦❛✐♥✐❝ ❛❝✐❞ ✭✷✵ ♠❣ ♣❡r ❦❣ ♦❢ ❜♦❞② ✇❡✐❣❤t✱ ❇✐♦tr❡♥❞✮ ♦r
s❛❧✐♥❡✳ ▼✐❝❡ ✇❡r❡ ♠♦♥✐t♦r❡❞ ❝♦♥t✐♥✉♦✉s❧②✱ ❛♥❞ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❡♣✐❧❡♣t✐❝ s❡✐③✉r❡s ✇❛s ♥♦t❡❞✳
❋♦r ❛♥❛❧②s✐s✱ ♦♥❧② ❛♥✐♠❛❧s t❤❛t ❡①❤✐❜✐t❡❞ ✐♠♠♦❜✐❧✐t② ❛♥❞ r✐❣✐❞ ♣♦st✉r❡ ✇❡r❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡
❤✐♣♣♦❝❛♠♣✉s ✇❛s ❞✐ss❡❝t❡❞ ❛t ❞✐✛❡r❡♥t t✐♠❡ ♣♦✐♥ts ❛❢t❡r ✐♥❥❡❝t✐♦♥✳ ❯♥t✐❧ t✐ss✉❡s ✇❡r❡ ♣r♦❝❡ss❡❞
❢✉rt❤❡r✱ t❤❡② ✇❡r❡ st♦r❡❞ ✐♥ ❘◆❆❧❛t❡r ✭❆♠❜✐♦♥✮ ❛t ✲✽✵◦❈✳
✷✽
✺✳✾ ❇❡❤❛✈✐♦✉r❛❧ ♣r♦t♦❝♦❧s
✺✳✾✳✶ ❈♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣
▼✐❝❡ ✇❡r❡ ❤❛❜✐t✉❛t❡❞ t♦ t❤❡ ❝♦♥❞✐t✐♦♥✐♥❣ ❝❤❛♠❜❡r ✭✷✸①✷✸①✸✺ ❝♠✱ ❚❙❊✮ ❢♦r ✶✹✽ s ❜❡❢♦r❡
r❡❝❡✐✈✐♥❣ ❛ ♠✐❧❞ ✷✲s ❢♦♦t s❤♦❝❦✳ ▼✐❝❡ ✇❡r❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ❜♦① ✸✵ s ❛❢t❡r s❤♦❝❦ t❡r♠✐♥❛t✐♦♥✳
❆❢t❡r ✶ ❤♦✉r ♦r ✷✹ ❤♦✉rs ✭❙❚▼ ❛♥❞ ▲❚▼✱ r❡s♣❡❝t✐✈❡❧②✮✱ ♠✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ❜❛❝❦ ❢♦r ✺ ♠✐♥ ✐♥t♦
t❤❡ ❝❤❛♠❜❡r✳ ❚❤❡ t✐♠❡ ✐♥ ✇❤✐❝❤ t❤❡ ♠✐❝❡ s♣❡♥t ❢r❡❡③✐♥❣✱ ❞❡✜♥❡❞ ❛s t❤❡ ❛❜s❡♥❝❡ ♦❢ ♠♦✈❡♠❡♥ts
❡①❝❡♣t r❡s♣✐r❛t✐♦♥✱ ✇❛s r❡❝♦r❞❡❞ ❝♦♥t✐♥✉♦✉s❧② ❛♥❞ ♠❛♥✉❛❧❧②✳
✺✳✾✳✷ ❚r❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣
▼✐❝❡ ✇❡r❡ ❤❛❜✐t✉❛t❡❞ t♦ t❤❡ ❝♦♥❞✐t✐♦♥✐♥❣ ❝❤❛♠❜❡r ✭❝✳❢✳ ❈♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✮ ❢♦r ✶✻✺
s ❜❡❢♦r❡ ❛ ✸✵✲s t♦♥❡ ✭❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ ✶✵ ❦❍③✱ ✼✺ ❞❇✱ ♣✉❧s❡❞ ✺ ❍③✮ ✇❛s ♣❧❛②❡❞✱ ✶✺ s ❧❛t❡r
♠✐❝❡ r❡❝❡✐✈❡❞ ❛ ✷✲s ❢♦♦t s❤♦❝❦ ✭✉♥❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ ✵✳✼ ♠❆✮✳ ▼✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ❜❛❝❦ ✐♥
t❤❡✐r ❤♦♠❡ ❝❛❣❡ ✸✵ s ❛❢t❡r t❤❡ s❤♦❝❦ t❡r♠✐♥❛t❡❞✳ ❋♦r t❡st✐♥❣✱ ♠✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ✐♥ ❛♥ ❛❧t❡r❡❞
❝♦♥t❡①t ✶ ❤♦✉r ♦r ✷✹ ❤♦✉rs ❧❛t❡r ✭❙❚▼ ❛♥❞ ▲❚▼✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❚♦ ❛❧t❡r t❤❡ ❝♦♥t❡①t✱ ❛ ❣r❡②
♣❧❛st✐❝ ❝♦✈❡r ✇❛s ♣❧❛❝❡❞ ♦♥ t❤❡ ❣r✐❞ ✢♦♦r✱ t❤❡ ❜♦① ✇❛s ❞✐✈✐❞❡❞ ✇✐t❤ ❛♥ ❆✹ ♣❛♣❡r❜♦❛r❞ t♦ ♠❛❦❡
✐t tr✐❛♥❣✉❧❛r✱ ❝✉❡s ✇❡r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ❜♦①✱ t❤❡ ❧✐❣❤t ✇❛s ❞✐♠♠❡❞ ❢r♦♠ ✷✵✵ ❧✉① t♦ ✷✵ ❧✉① ❛♥❞
t❤❡ ❜♦① ✇❛s s♣r❛②❡❞ ✇✐t❤ ❛ ❧❡♠♦♥ s❝❡♥t ✭❧❡♠♦♥ s♦❛♣✱ ▲❡♦♥t✐✱ ✺✵✪✮✳ ❉✉r✐♥❣ t❤❡ ✜rst ✶✽✵ s✱
♥♦ t♦♥❡ ✇❛s ♣r❡s❡♥t❡❞ ✭♣r❡✲❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✮✱ ✇❤✐❧❡ ❞✉r✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ✶✽✵ s✱ ❛ t♦♥❡ ✇❛s
♣r❡s❡♥t❡❞ ✭❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✮✳ ❋r❡❡③✐♥❣ ✇❛s ♠❡❛s✉r❡❞ ❛s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡ ✭❝✳❢✳ ❈♦♥t❡①t✉❛❧
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✮✳ ■♥ ♦r❞❡r t♦ ♥♦r♠❛❧✐s❡ ❢♦r t❤❡ ❣❡♥❡r❛❧✐s❡❞ ❢r❡❡③✐♥❣✱ t❤❡ ❢r❡❡③✐♥❣ ♣❡r❝❡♥t❛❣❡
❞✉r✐♥❣ t❤❡ ♣r❡✲❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s ✇❛s s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢r❡❡③✐♥❣ ♣❡r❝❡♥t❛❣❡ ❞✉r✐♥❣ t❤❡
❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✳
✺✳✾✳✸ ❋❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥
▼✐❝❡ ✇❡r❡ ❝♦♥❞✐t✐♦♥❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✉s✐♥❣ ❛ ✵✳✼ ♠❆ ❢♦♦t s❤♦❝❦✳
❋♦r ❢❡❛r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣✱ ♠✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ❜❛❝❦ ✐♥t♦ t❤❡ ❝♦♥❞✐t✐♦♥✐♥❣ ❝❤❛♠❜❡r ✷ ✇❡❡❦s ❛❢t❡r
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✳ ▼✐❝❡ ✇❡r❡ ❡①t✐♥❣✉✐s❤❡❞ ❢♦r ✷✵ ♠✐♥ ✭r❡❝♦r❞❡❞ ❜② t❤❡ s♦❢t✇❛r❡ ❛s ✹ ① ✺ ♠✐♥
s❡ss✐♦♥s✮✳ ❋♦r ❡①t✐♥❝t✐♦♥ t❡st✐♥❣✱ ♠✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ❛❣❛✐♥ ✐♥t♦ t❤❡ ❝❤❛♠❜❡r ✷✹ ❤♦✉rs ❧❛t❡r ❛♥❞
r❡♠❛✐♥❡❞ t❤❡r❡ ❢♦r ✺ ♠✐♥✳ ❉✉r✐♥❣ ❛❧❧ s❡ss✐♦♥s✱ ❢r❡❡③✐♥❣ ✇❛s ♠❡❛s✉r❡❞ ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡ ✭❝✳❢✳
❈♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✮✳
✷✾
✺✳✾✳✹ ❙♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥
▼✐❝❡ ✇❡r❡ ♣❧❛❝❡❞ ✐♥ ❛♥ ♦♣❡♥ ❛r❡♥❛ ✭✺✵ ❝♠ ① ✺✵ ❝♠ ① ✺✵ ❝♠✮ ✇✐t❤ ❛ ✈✐s✉❛❧ ❝✉❡ ❧♦❝❛t❡❞ ♦♥ t❤❡
✇❛❧❧ ♦❢ t❤❡ ❛r❡♥❛✳ ▼✐❝❡ ✇❡r❡ ❤❛❜✐t✉❛t❡❞ t♦ t❤❡ ❛r❡♥❛ ❢♦r ✻ ♠✐♥✱ ❛♥❞ ✸ ♠✐♥ ❧❛t❡r✱ ♠✐❝❡ ✇❡r❡
tr❛✐♥❡❞ ❢♦r ✸ ① ✻ ♠✐♥ ✇✐t❤ ❛ ✸✲♠✐♥ ✐♥t❡r✈❛❧ ❜❡t✇❡❡♥ s❡ss✐♦♥s✳ ❉✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥s✱
♠✐❝❡ ✇❡r❡ ❛❧❧♦✇❡❞ t♦ ❡①♣❧♦r❡ t✇♦ ❞✐st✐♥❝t ♦❜❥❡❝ts ✭❛ ❣❧❛ss ❜♦tt❧❡ ❛♥❞ ❛ ♠❡t❛❧ t♦✇❡r✮✳ ❆❢t❡r
✶ ❤♦✉r ♦r ✷✹ ❤♦✉rs ✭❙❚▼ ❛♥❞ ▲❚▼✱ r❡s♣❡❝t✐✈❡❧②✮✱ ♦♥❡ ♦❢ t❤❡ ♦❜❥❡❝ts ✇❛s ❞✐s♣❧❛❝❡❞ t♦ ❛ ♥❡✇
❧♦❝❛t✐♦♥ ❛♥❞ ♠✐❝❡ ✇❡r❡ ❛❧❧♦✇❡❞ t♦ ❡①♣❧♦r❡ t❤❡ ♦❜❥❡❝ts ❢♦r ✻ ♠✐♥✳ ❚❤❡ t✐♠❡ t❤❡ ♠✐❝❡ s♣❡♥t
❡①♣❧♦r✐♥❣ ❜♦t❤ ♦❜❥❡❝ts ✇❛s ♠❡❛s✉r❡❞ ♠❛♥✉❛❧❧② ✐♥ ❛❧❧ s❡ss✐♦♥s✳ ❆s ❛ ❜❡❤❛✈✐♦✉r❛❧ r❡❛❞✲♦✉t✱ t❤❡
♣❡r❝❡♥t❛❣❡ t❤❡ ♠✐❝❡ s♣❡♥t ❡①♣❧♦r✐♥❣ t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✇❛s ♠❡❛s✉r❡❞ ❛s ❢♦❧❧♦✇❡❞✿ ❚✐♠❡❞✐s♣❧❛❝❡❞
✴✭❚✐♠❡♥♦♥❞✐s♣❧❛❝❡❞ ✰ ❚✐♠❡❞✐s♣❧❛❝❡❞✮ ✯ ✶✵✵
✺✳✶✵ ●♦❧❣✐ st❛✐♥
●♦❧❣✐ ✐♠♣r❡❣♥❛t✐♦♥ ✇❛s ❞♦♥❡ ✉s✐♥❣ t❤❡ ❘❛♣✐❞ ●♦❧❣✐ ❙t❛✐♥ ❑✐t ✭❋❉ ◆❡✉r♦ ❚❡❝❤♥♦❧♦❣✐❡s✮
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❛♥✉❢❛❝t✉r❡r✬s ♣r♦t♦❝♦❧✳ ❇r✐❡✢②✱ ❜r❛✐♥s ✇❡r❡ ❧❡❢t ✐♥ s♦❧✉t✐♦♥ ❆✰❇ ❢♦r ✷ ✇❡❡❦s
❛♥❞ ✇❡r❡ t❤❡♥ ♣❧❛❝❡❞ ✐♥t♦ s♦❧✉t✐♦♥ ❈ ❢♦r ✸✲✹ ❞❛②s✳ ❇r❛✐♥s ✇❡r❡ q✉✐❝❦❧② ❢r♦③❡♥ ♦♥ ❞r② ✐❝❡
❛♥❞ t❤❡♥ ❝✉t ✇✐t❤ ❛ ❝r②♦st❛t ✭▲❡✐❝❛ ❈▼✶✾✺✵✮ ✐♥ ✶✵✵✲µ♠ s❡❝t✐♦♥s✳ ❙❡❝t✐♦♥s ✇❡r❡ ♠♦✉♥t❡❞ ♦♥
●❡❧❛t✐♥ ❈♦✉t❡❞ ❙❧✐❞❡s ✭▲❛❜❙❝✐❡♥t✐✜❝✮✳ ❲✐t❤✐♥ t❤r❡❡ ❞❛②s✱ s❧✐❝❡s ✇❡r❡ st❛✐♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
♠❛♥✉❢❛❝t✉r❡r✬s ♣r♦t♦❝♦❧✳
✺✳✶✶ ▼♦r♣❤♦♠❡tr✐❝ ❛♥❛❧②s✐s
❩✲st❛❝❦s ♦❢ ●♦❧❣✐✲st❛✐♥❡❞ ❈❆✶ ♥❡✉r♦♥s ✇❡r❡ t❛❦❡♥ ❛t t❤❡ ◆✐❦♦♥ ■♠❛❣✐♥❣ ❈❡♥t❡r ♦❢ t❤❡ ❯♥✐✈❡rs✐t②
♦❢ ❍❡✐❞❡❧❜❡r❣✳ P✐❝t✉r❡s ✇❡r❡ ✐♠♣♦rt❡❞ t♦ ❋✐❥✐ ✭❙❝❤✐♥❞❡❧✐♥ ❡t ❛❧✳ ✭✷✵✶✷✮✮✱ ❝❛❧✐❜r❛t❡❞ ❛♥❞ ♠❛♥✉❛❧❧②
tr❛❝❡❞ ✉s✐♥❣ t❤❡ s✐♠♣❧❡ ♥❡✉r✐t❡ tr❛❝❡r ♣❧✉❣✐♥ ✭▲♦♥❣❛✐r ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❆s ❛ r❡❛❞✲♦✉t✱ t♦t❛❧
❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ✇❛s ❝♦♠♣✉t❡❞✳ ❆ ♣❧✉❣✐♥ ❛✈❛✐❧❛❜❧❡ ✐♥ ❋✐❥✐ ✇❛s ✉s❡❞ ❢♦r ❙❤♦❧❧ ❛♥❛❧②s✐s ✭❙❍❖▲▲
✭✶✾✺✸✮✮✳ ❚❤❡ s❤❡❧❧ ✐♥t❡r✈❛❧ ✇❛s s❡t t♦ ✺µ♠✳ ❇❡t✇❡❡♥ t❤r❡❡ t♦ ✜✈❡ ❛♥✐♠❛❧s ♣❡r ❝♦♥❞✐t✐♦♥ ✇❡r❡
❛♥❛❧②s❡❞✳
✺✳✶✷ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s
❋♦r ❝♦♠♣❛r✐s♦♥ ♦❢ t✇♦ ❞✐st✐♥❝t ❣r♦✉♣s t✇♦✲t❛✐❧❡❞ ✉♥♣❛✐r❡❞ ❙t✉❞❡♥t✬s t✲t❡sts ✇❡r❡ ❛♣♣❧✐❡❞✳ ❋♦r
❝♦♠♣❛r✐s♦♥ ✇✐t❤✐♥ t❤❡ s❛♠❡ ❣r♦✉♣ ♣❛✐r❡❞ ❙t✉❞❡♥t✬s t✲t❡st ✇❛s ✉s❡❞✳ ❖♥❡✲✇❛② ❆◆❖❱❆✱ ❢♦❧❧♦✇❡❞
❜② ❚✉❦❡②✬s ♣♦st ❤♦❝ t❡st ✭❙❡❝t✐♦♥ ✻✳✶✮ ♦r ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st ✭❙❡❝t✐♦♥ ✻✳✷✮✱ ✇❛s ✉s❡❞
✸✵
❢♦r ❝♦♠♣❛r✐s♦♥s ♦❢ ♠♦r❡ t❤❛♥ t✇♦ ❣r♦✉♣s✳ ❋♦r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ❛♥❞ ❛❝q✉✐s✐t✐♦♥ ✐♥ t❤❡ ▼♦rr✐s
✇❛t❡r ♠❛③❡✱ r❡♣❡❛t❡❞✲♠❡❛s✉r❡ ❆◆❖❱❆ ✇❛s ❛♣♣❧✐❡❞✳
✸✶
✻ ❘❡s✉❧ts
✻✳✶ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥tr♦❧s ♥❡✉✲
r♦♥❛❧ ♣❡r♠✐ss✐✈❡♥❡ss ❢♦r ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
✻✳✶✳✶ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s r❡q✉✐r❡❞ ❢♦r ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
■♥ ♦r❞❡r t♦ st✉❞② t❤❡ r♦❧❡ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ■ ✉s❡❞ t❤❡ ♥✉❝❧❡❛r t❛r❣❡t❡❞
❝❛❧❝✐✉♠ ❜✉✛❡r P❛r✈❛❧❜✉♠✐♥ ✭P✉s❧ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❘♦❞r✐❣✉❡s ❡t ❛❧✳ ✭✷✵✵✼✮✱ ●✉❛t✐♠♦s✐♠ ❡t ❛❧✳
✭✷✵✵✽✮✱ ❙❝❤❧✉♠♠ ❡t ❛❧✳ ✭✷✵✶✸✮✱▲✐ ❡t ❛❧✳ ✭✷✵✶✹❛✮✮✳ ❆ r❡❝♦♠❜✐♥❛♥t ❛❞❡♥♦✲❛ss♦❝✐❛t❡❞ ✈✐r✉s ✭r❆❆❱✮
✇❛s ♣r♦❞✉❝❡❞ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ♦❢ P❛r✈❛❧❜✉♠✐♥✲◆▲❙ ❢✉s❡❞ t♦ ♠❈❤❡rr② ✭r❆❆❱✲
P❱✳◆▲❙✲♠❈✮✳ ♠❈❤❡rr② t❛r❣❡t❡❞ t♦ t❤❡ ♥✉❝❧❡✉s ✭r❆❆❱✲♠❈✳◆▲❙✮ ✇❛s ✉s❡❞ ❛s t❤❡ ❝♦♥tr♦❧✳ ❚❤❡
r❆❆❱s ✇❡r❡ ❞❡❧✐✈❡r❡❞ ✈✐❛ st❡r❡♦t❛①✐❝ s✉r❣❡r② t♦ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡✳ ❋✐❣✉r❡ ✸❆
s❤♦✇s t❤❡ ❡①♣r❡ss✐♦♥ ♣❛tt❡r♥ ♦❢ ♠❈❤❡rr② t❤r❡❡ ✇❡❡❦s ❛❢t❡r st❡r❡♦t❛①✐❝ ❞❡❧✐✈❡r②✳ ❚♦ ✈❛❧✐❞❛t❡
❡①♣r❡ss✐♦♥ ♦❢ P❛r✈❛❧❜✉♠✐♥✱ s❧✐❝❡s ✇❡r❡ st❛✐♥❡❞ ❢♦r P❛r✈❛❧❜✉♠✐♥✳ ❋✉rt❤❡r✱ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s
✇❡r❡ t❛❦❡♥ t♦ ❡♥s✉r❡ t❤❛t ❡①♣r❡ss✐♦♥ ♦❢ P❛r✈❛❧❜✉♠✐♥ ✇❛s r❡str✐❝t❡❞ t♦ t❤❡ ♥✉❝❧❡✉s✱ t❤✉s
Parvalbumin mCherry Hoechst Merged
Parvalbumin mCherry Hoechst MergedParvalbu in herry oechst erged
A
B
❋✐❣✉r❡ ✸✿ ❱❛❧✐❞❛t✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❡①♣r❡ss✐♦♥ ✐♥ ✈✐✈♦✳
✭❆✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♣✐❝t✉r❡s ♦❢ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❡①♣r❡ss✐♦♥ ✐♥ t❤❡ ❞♦rs❛❧ ♠♦✉s❡
❤✐♣♣♦❝❛♠♣✉s t❤r❡❡ ✇❡❡❦s ❛❢t❡r st❡r♦t❛①✐❝ ❞❡❧✐✈❡r②✳ ❙❧✐❝❡s ✇❡r❡ st❛✐♥❡❞ ❛❣❛✐♥st
P❛r✈❛❧❜✉♠✐♥ t♦ ❡♥s✉r❡ t❤❛t P❛r✈❛❧❜✉♠✐♥ ❛♥❞ ♠❈❤❡rr② ❛r❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ s❛♠❡
❝❡❧❧s✳
✭❇✮ ▼❛❣♥✐✜❡❞ ✐♠❛❣❡ ♦❢ ✭❆✮ ❛ss✉r✐♥❣ t❤❛t r❆❆❱✲P❱✳◆▲❙✲♠❈ ✐s ❡①❝❧✉s✐✈❡❧②
❡①♣r❡ss❡❞ ✐♥ t❤❡ ♥✉❝❧❡✉s✳ ❙❝❛❧❡ ❜❛r❂✶✵✵ µ♠✳
✸✷
DR² = 0.0026
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❋✐❣✉r❡ ✹✿ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s r❡q✉✐r❡❞ ❢♦r ❢❡❛r ♠❡♠♦r②✳
✭❆✮ ■♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❞♦❡s ♥♦t ✐♠♣❛✐r s❤♦rt✲t❡r♠ ♠❡♠♦r② ✭♥❂✶✷ ♣❡r
❣r♦✉♣✮✳
✭❇✮ ▲♦♥❣✲t❡r♠ ❝♦♥t❡①t✉❛❧ ❢❡❛r ♠❡♠♦r② ✐s ✐♠♣❛✐r❡❞ ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲
P❱✳◆▲❙✲♠❈✱ ✐♥❞✐❝❛t❡❞ ❜② ❞❡❝r❡❛s❡❞ ❢r❡❡③✐♥❣ r❛t❡s ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞
♠✐❝❡ ✭r❆❆❱✲♠❈✳◆▲❙ ♥❂✶✵✱ r❆❆❱✲P❱✳◆▲❙✲♠❈ ♥❂✾✱ t✶✼❂✷✳✸✶✼✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲
t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❈✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ r❡❛❝t s❧✐❣❤t❧② ❧❡ss t♦ t❤❡ ❢♦♦t✲s❤♦❝❦✳
✭❉✮ ❍♦✇❡✈❡r✱ t❤❡r❡ ✐s ♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❢♦♦t✲s❤♦❝❦ r❡❛❝t✐✈✐t② ❛♥❞ ♠❡♠♦r②
♣❡r❢♦r♠❛♥❝❡✳
◆♦t s✐❣♥✐✜❝❛♥t✱ ♥✳s✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
❡①❝❧✉❞✐♥❣ t❤❛t ♦❜t❛✐♥❡❞ r❡s✉❧ts ❛r❡ ❞✉❡ t♦ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ ❝②t♦s♦❧✐❝ ❝❛❧❝✐✉♠ ✭❋✐❣✉r❡ ✸❇✮✳
▼❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✇❛s t❡st❡❞ ✐♥ t✇♦ ❤✐♣♣♦❝❛♠♣✉s✲❞❡♣❡♥❞❡♥t t❛s❦s✱ t❤r❡❡ ✇❡❡❦s ❛❢t❡r
r❆❆❱ ✐♥❥❡❝t✐♦♥s✳ ■♥ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❞✐s♣❧❛②❡❞
r❡❞✉❝❡❞ ❢r❡❡③✐♥❣ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ❛♥✐♠❛❧s ✇❤❡♥ t❡st❡❞ ✷✹ ❤♦✉rs ❛❢t❡r tr❛✐♥✐♥❣✱ ✐♥❞✐❝❛t✐♥❣
▲❚▼ ❞❡✜❝✐ts ✐♥ t❤✐s t❛s❦ ✭❋✐❣✉r❡ ✹❇✮✳ ❚❤❡r❡ ✇❛s ♥♦ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❢r❡❡③✐♥❣ r❛t❡ ❜❡t✇❡❡♥
❜♦t❤ ❣r♦✉♣s ✇❤❡♥ t❡st❡❞ ✶ ❤♦✉r ❛❢t❡r tr❛✐♥✐♥❣ ✭❋✐❣✉r❡ ✹❆✮✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❙❚▼ ✇❛s ♥♦t
❛❧t❡r❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥❤✐❜✐t✐♦♥✳ ❚❤♦✉❣❤ r❆❆❱✲P❱✳◆▲❙✲♠❈ ♠✐❝❡ r❡❛❝t❡❞ s❧✐❣❤t❧② ❧❡ss
t♦ t❤❡ ❢♦♦t✲s❤♦❝❦ t❤❛♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲♠❈✳◆▲❙✱ t❤✐s ❞✐✛❡r❡♥❝❡ ✇❛s st❛t✐st✐❝❛❧❧② ♥♦t
s✐❣♥✐✜❝❛♥t ✭❋✐❣✉r❡ ✹❈✮ ❛♥❞ ❛❞❞✐t✐♦♥❛❧❧② t❤❡r❡ ✇❛s ♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❢♦♦t✲s❤♦❝❦ r❡❛❝t✐✈✐t②
❛♥❞ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✭❋✐❣✉r❡ ✹❉✮✳ ❚❤❡ ✜♥❞✐♥❣ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥❤✐❜✐t✐♦♥ ❛✛❡❝ts ▲❚▼
✇❛s ❝♦♥✜r♠❡❞ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✳ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲♠❈✳◆▲❙ s❤♦✇❡❞
❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✷✹ ❤♦✉rs ❛❢t❡r t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥✱ ✇❤❡r❡❛s ♠✐❝❡ ✐♥❥❡❝t❡❞
✇✐t❤ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❞✐❞ ♥♦t s♣❡♥❞ ♠♦r❡ t✐♠❡ ❡①♣❧♦r✐♥❣ t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✭❋✐❣✉r❡ ✺❇✮✳
❍♦✇❡✈❡r✱ r❆❆❱✲P❱✳◆▲❙✲♠❈✲❡①♣r❡ss✐♥❣ ♠✐❝❡ s❤♦✇❡❞ ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✇❤❡♥
t❡st❡❞ ✶ ❤♦✉r ❛❢t❡r tr❛✐♥✐♥❣✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❙❚▼ ✇❛s ✐♥t❛❝t ❛♥❞ ♠❡♠♦r② ❛❝q✉✐s✐t✐♦♥ ✇❛s ♥♦t
✸✸
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❋✐❣✉r❡ ✺✿ ■♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❝❛✉s❡s ❞❡✜❝✐ts ✐♥ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥
♠❡♠♦r②✳
✭❆✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ ♦r r❆❆❱✲♠❈✳◆▲❙ ❞✐s♣❧❛② ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r
t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t✱ ✇❤❡♥ t❡st❡❞ ✶ ❤♦✉r ❛❢t❡r tr❛✐♥✐♥❣ ✭r❆❆❱✲♠❈✳◆▲❙ ♥❂✼✱ r❆❆❱✲
P❱✳◆▲❙✲♠❈ ♥❂✽✮✳
✭❇✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ s❤♦✇ s✐❣♥✐✜❝❛♥t❧② ❧❡ss ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡
❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ♠✐❝❡✱ ✇❤❡♥ t❡st❡❞ ✷✹ ❤♦✉rs ❛❢t❡r
tr❛✐♥✐♥❣ ✭♥❂✶✸✴❣r♦✉♣✱ t✷✹❂✷✳✶✻✽✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮
✭❈✮ ■♥ r❆❆❱✲P❱✳◆▲❙ ❡①♣r❡ss✐♥❣ ♠✐❝❡✱ t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ✐s s❧✐❣❤t❧② ❞❡❝r❡❛s❡❞
✐♥ t❤❡ tr❛✐♥✐♥❣ ❛♥❞
✭❉✮ ✐♥ t❤❡ t❡st✐♥❣ s❡ss✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ❞❡❝r❡❛s❡ ✇❛s st❛t✐st✐❝❛❧❧② ♥♦t s✐❣♥✐✜❝❛♥t✳
✭❊✮ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡r❡ ✇❛s ♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ❛♥❞
♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛t ✺✵✪ ✐♥❞✐❝❛t❡s ❝❤❛♥❝❡ ❧❡✈❡❧ t♦ ❡①♣❧♦r❡ ❡✐t❤❡r ♦❢ t❤❡ t✇♦ ♦❜❥❡❝ts✳
◆♦t s✐❣♥✐✜❝❛♥t✱ ♥✳s✳ ❉❛t❛ ✐s s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✐♠♣❛✐r❡❞ ✭❋✐❣✉r❡ ✺❆✮✳ ❋✉rt❤❡r✱ ❜♦t❤ ♦❜❥❡❝ts ✇❡r❡ ❡①♣❧♦r❡❞ ❡q✉✐✈❛❧❡♥t❧② ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥
❛♥❞ t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ❢♦r ❜♦t❤ ♦❜❥❡❝ts ❞✐❞ ♥♦t ❞✐✛❡r ❜❡t✇❡❡♥ r❆❆❱✲♠❈✳◆▲❙✲ ❛♥❞ r❆❆❱✲
P❱✳◆▲❙✲♠❈✲❡①♣r❡ss✐♥❣ ♠✐❝❡ ✭❋✐❣✉r❡ ✺❈✲❊✮✳ ❍❡r❡✱ ✇❡ s❤♦✇ t❤❛t ❤✐♣♣♦❝❛♠♣❛❧ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❧♦♥❣✲t❡r♠✱ ❜✉t ♥♦t s❤♦rt✲t❡r♠✱ ♠❡♠♦r②✳
✸✹
✻✳✶✳✷ ❱❊●❋❉ ♦✈❡r❡①♣r❡ss✐♦♥ r❡✈❡rs❡s ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s ❝❛✉s❡❞ ❜② ✐♥t❡r✲
❢❡r❡♥❝❡ ✇✐t❤ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣
■ ❛✐♠❡❞ ❛t ✐❞❡♥t✐❢②✐♥❣ ♠❡❝❤❛♥✐s♠s t❤❛t ❝❛♥ ❡①♣❧❛✐♥ ❤♦✇ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❝♦♥tr♦❧s ♠❡♠♦r②
❝♦♥s♦❧✐❞❛t✐♦♥✳ ❆s ✐t ✐s ❦♥♦✇♥ t❤❛t t❤❡ ♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱
■ st✉❞✐❡❞ ✐❢ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙ ✇❡r❡ ❞✉❡ t♦ ❛♥ ❛❧t❡r❡❞ ❞❡♥❞r✐t✐❝
♠♦r♣❤♦❧♦❣②✳ Pr❡✈✐♦✉s❧②✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ ♦✉r ❧❛❜ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❞❡♥❞r✐t✐❝
❛r❝❤✐t❡❝t✉r❡ ✐♥ ✈✐tr♦✳ ❚r❛♥s❢❡❝t✐♥❣ ❤✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s ❡✐t❤❡r ✇✐t❤ ❈❛▼❇P✹✱ ❛ ♥✉❝❧❡❛r ♣r♦t❡✐♥
t❤❛t ✐♥❛❝t✐✈❛t❡s t❤❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ ❝♦♠♣❧❡① ❜② ❜✐♥❞✐♥❣ t♦ ✐t✱ ♦r ✇✐t❤ P❱✳◆▲❙✲
♠❈ r❡❞✉❝❡❞ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛♥❞ ❝♦♠♣❧❡①✐t② ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮ ❛♥❞ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❡✮✳
■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s t❤❡ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛❧s♦ ✐♥ ✈✐✈♦✱
■ ❛♥❛❧②s❡❞ ●♦❧❣✐✲st❛✐♥❡❞ ♣②r❛♠✐❞❛❧ ♥❡✉r♦♥s ❡①♣r❡ss✐♥❣ ❡✐t❤❡r r❆❆❱✲P❱✳◆▲❙✲♠❈ ♦r r❆❆❱✲
♠❈✳◆▲❙ ✐♥ t❤❡ ❈❆✶ r❡❣✐♦♥ ♦❢ t❤❡ ❤✐♣♣♦❝❛♠♣✉s✳ ❚❤❡ ❜❛s❛❧ ❞❡♥❞r✐t❡s ✇❡r❡ s✐❣♥✐✜❝❛♥t❧②
s❤♦rt❡♥❡❞ ✐♥ ❧❡♥❣t❤✱ ❛♥❞ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ tr❡❡ ✇❛s ❞❡❝r❡❛s❡❞ ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣
r❆❆❱✲P❱✳◆▲❙✲♠❈ ✭❋✐❣✉r❡ ✻❆✲❈✮✳ ❊❛r❧✐❡r st✉❞✐❡s ✐♥ ♦✉r ❧❛❜ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ♥✉❝❧❡❛r
❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❱❊●❋❉ ❝♦♥tr♦❧s ♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ✐♥ ✈✐tr♦ ❛♥❞ ✐♥ ✈✐✈♦✳ ❋✉rt❤❡r✱ ✐t
✇❛s s❤♦✇♥ ✐♥ ✈✐tr♦ t❤❛t ❛ ❧♦ss ✐♥ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛♥❞ ❝♦♠♣❧❡①✐t② ❝❛✉s❡❞ ❜② ❞②sr❡❣✉❧❛t✐♦♥ ♦❢
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❝♦✉❧❞ ❜❡ r❡s❝✉❡❞ ✇❤❡♥ r❡❝♦♠❜✐♥❛♥t ❱❊●❋❉ ✇❛s s✉♣♣❧❡♠❡♥t❡❞ ✭▼❛✉❝❡r✐ ❡t ❛❧✳
✭✷✵✶✶✮✮✳ ❚❤❡r❡❢♦r❡✱ ■ ♥❡①t ❛✐♠❡❞ ❛t ✐♥✈❡st✐❣❛t✐♥❣ ✐♥ ✈✐✈♦✱ ✐❢ ❛❧t❡r❛t✐♦♥s ✐♥ ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡
t❤❛t r❡s✉❧t ❢r♦♠ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥❤✐❜✐t✐♦♥ ❝❛♥ ❛❧s♦ ❜❡ r❡✈❡rs❡❞ ❜② ❱❊●❋❉ ♦✈❡r❡①♣r❡ss✐♦♥✳
❚❤✉s✱ ■ ❝♦✲❡①♣r❡ss❡❞ r❆❆❱✲P❱✳◆▲❙✳♠❈ ✇✐t❤ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ❢♦r
❤❡♠❛❣❣❧✉t✐♥✐♥ ✭❍❆✮✲t❛❣❣❡❞ ❱❊●❋❉ ✭r❆❆❱✲❱❊●❋❉✮ ✐♥ t❤❡ ♠♦✉s❡ ❤✐♣♣♦❝❛♠♣✉s ✭❋✐❣✉r❡ ✼✮✳
❚❤❡ ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ t❤❛t ♥❡✉r♦♥s ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲❱❊●❋❉ ❤❛❞
s✐❣♥✐✜❝❛♥t❧② ❧♦♥❣❡r ❞❡♥❞r✐t❡s t❤❛♥ ♥❡✉r♦♥s ❡①♣r❡ss✐♥❣ ♦♥❧② r❆❆❱✲P❱✳◆▲❙✲♠❈✱ ✐♥❞✐❝❛t✐♥❣ ❛
r❡s❝✉❡ ✐♥ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ✭❋✐❣✉r❡ ✻❇✮✳ ❚❤✐s r❡s❝✉❡ ✇❛s ♦♥❧② ♣❛rt✐❛❧✱ ❛s r❆❆❱✲P❱✳◆▲❙✲♠❈✲
❛♥❞ r❆❆❱✲❱❊●❋❉✲❡①♣r❡ss✐♥❣ ♥❡✉r♦♥s ❞✐❞ ♥♦t r❡❛❝❤ t❤❡ s❛♠❡ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛s ❝♦♥tr♦❧
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✶✵✵ ✵✱✵✵✼∗ ✵✱✸✾ ✵✱✼✽✼ ✵✱✵✵✼∗ ✵✱✶✸✾ ✵✱✵✹✾∗ ✵✱✸✾ ✵✱✶✸✾ ✵✱✾✶✶ ✵✱✼✽✼ ✵✱✵✹✾∗ ✵✱✾✶✶
∗ ✐♥❞✐❝❛t❡s ♣✲✈❛❧✉❡ ❁✵✳✵✺ ❜② ♦♥❡✲✇❛② ❆♥♦✈❛ ❢♦❧❧♦✇❡❞ ❜② ❚✉❦❡②✬s ♣♦st ❤♦❝ t❡st
✸✼
HA mCherry MergedHoechst
❋✐❣✉r❡ ✼✿ ❈♦✲❡①♣r❡ss✐♦♥ ♦❢ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲❱❊●❋❉✳ ❘❡♣r❡s❡♥t❛t✐✈❡
♣✐❝t✉r❡s ♦❢ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲❱❊●❋❉ ❝♦✲❡①♣r❡ss✐♥❣ ♠✐❝❡ t❤r❡❡ ✇❡❡❦s
❛❢t❡r st❡r❡♦t❛①✐❝ ❞❡❧✐✈❡r②✳
✻✳✶✳✸ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ ❞②sr❡❣✉❧❛t✐♦♥ ❧❡❛❞s t♦ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts t❤❛t ❝❛♥ ❜❡
r❡✈❡rs❡❞ ❜② ❱❊●❋❉ ♦✈❡r❡①♣r❡ss✐♦♥
Pr❡✈✐♦✉s st✉❞✐❡s ❤❛✈❡ s❤♦✇♥ t❤❛t ❱❊●❋❉ ✐s r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✭▼❛✉❝❡r✐ ❡t ❛❧✳
✭✷✵✶✶✮✮✳ ❚❤❡r❡❢♦r❡✱ ■ ♥❡①t ❞❡t❡r♠✐♥❡❞ ✐❢ ♦✈❡r❡①♣r❡ss✐♦♥ ♦❢ ❱❊●❋❉ ❝❛♥ r❡s❝✉❡ ❜❡❤❛✈✐♦✉r❛❧
❞❡✜❝✐ts t❤❛t ❛r❡ ❝❛✉s❡❞ ❜② ✐♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣✳ ■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ ✐❢
❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s ❝❛♥ ❜❡ r❡s❝✉❡❞✱ ■ t❡st❡❞ ♠✐❝❡ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✳
❚❤r❡❡ ✇❡❡❦s ♣r✐♦r t♦ ❡①♣❡r✐♠❡♥ts✱ ❛ ♠✐①t✉r❡ ♦❢ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲❱❊●❋❉ ✇❛s
✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡✳ ❆s ❛ ❝♦♥tr♦❧✱ ■ ✉s❡❞ r❆❆❱✲♠❈✳◆▲❙ ♦r ❛
♠✐①t✉r❡ ♦❢ r❆❆❱✲♠❈✳◆▲❙ ❛♥❞ r❆❆❱✲❱❊●❋❉✳ ❆s s❤♦✇♥ ✐♥ s❡❝t✐♦♥ ✻✳✶✳✶✳✱ ♠✐❝❡ ❡①♣r❡ss✐♥❣
r❆❆❱✲P❱✳◆▲❙✲♠❈ ❞✐❞ ♥♦t ❞✐s♣❧❛② ❛ ♣r❡❢❡r❡♥❝❡ t♦✇❛r❞s t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t✳ ❍♦✇❡✈❡r✱ ♠✐❝❡
❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲❱❊●❋❉ ❤❛❞ ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t t❤❛t
✇❛s ❝♦♠♣❛r❛❜❧❡ t♦ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ❛♥✐♠❛❧s ✭❋✐❣✉r❡ ✽❆✮✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ❡①♣r❡ss✐♦♥
♦❢ r❆❆❱✲❱❊●❋❉ ❛❧♦♥❡ ❤❛❞ ♥♦ ❡✛❡❝t ♦♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳ ❋✉rt❤❡r✱ ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥✱
❛❧❧ ❣r♦✉♣s ❡①♣❧♦r❡❞ ❜♦t❤ ♦❜❥❡❝ts t♦ t❤❡ s❛♠❡ ❛♠♦✉♥t ✭❋✐❣✉r❡ ✽❇✮ ❛♥❞ t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡
❞✐❞ ♥♦t ❞✐✛❡r ❜❡t✇❡❡♥ ❣r♦✉♣s ✭❋✐❣✉r❡ ✽❈✲❉✮✳ ❚❤✉s✱ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t ❱❊●❋❉ ♦✈❡r❡①♣r❡ss✐♦♥
❝❛♥ r❡s❝✉❡ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥❞✉❝❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❞②sr❡❣✉❧❛t✐♦♥✱ ♣r❡s✉♠❛❜❧② ✈✐❛ r❡✈❡rs✐♥❣
♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s✳
✸✽
rAAV-mC.NLS
rAAV-PV.NLS-mC
rAAV-PV.NLS-mC + rAAV-VEGFD
rAAV-mC.NLS + rAAV-VEGFD
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❋✐❣✉r❡ ✽✿ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❱❊●❋❉ ❝❛♥ r❡s❝✉❡ ❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s✳
✭❆✮ ▼❡♠♦r② ❞❡✜❝✐ts ♦❜s❡r✈❡❞ ✐♥ r❆❆❱✲P❱✳◆▲❙✲♠❈ ✐♥❥❡❝t❡❞ ♠✐❝❡ ❛r❡ r❡s❝✉❡❞ ❜②
❱❊●❋❉ ♦✈❡r❡①♣r❡ss✐♦♥ ✭r❆❆❱✲♠❈✳◆▲❙ ♥❂✶✻✱ r❆❆❱✲P❱✳◆▲❙✲♠❈ ♥❂✶✻✱ r❆❆❱✲
P❱✳◆▲❙✲♠❈ ✫ r❆❆❱✲❱❊●❋❉ ♥❂✶✻✱ r❆❆❱✲♠❈✳◆▲❙ ✫ r❆❆❱✲❱❊●❋❉ ♥❂✶✺✱ ❋
❬✸✱✺✾❪ ❂✺✳✵✷✽✱ ✯♣❁✵✳✵✺ ❜② ♦♥❡✲✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❚✉❦❡②✬s ♣♦st ❤♦❝ t❡st✮✳
✭❇✮ ❆❧❧ ❢♦✉r ❣r♦✉♣s ❡①♣❧♦r❡❞ t❤❡ t✇♦ ♦❜❥❡❝ts ❡q✉✐✈❛❧❡♥t ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥✳
✭❈✮ ❚❤❡r❡ ✇❡r❡ ♥♦ ❞✐✛❡r❡♥❝❡s ✐♥ t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ✐♥ t❤❡ tr❛✐♥✐♥❣ ❛♥❞
✭❉✮ ✐♥ t❤❡ t❡st✐♥❣ s❡ss✐♦♥✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛t ✺✵✪ ✐♥❞✐❝❛t❡s ❝❤❛♥❝❡ ❧❡✈❡❧ t♦ ❡①♣❧♦r❡ ❡✐t❤❡r ♦❢ t❤❡ t✇♦ ♦❜❥❡❝ts✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✸✾
✻✳✷ ❘❡s❝✉❡ ♦❢ ❛❣✐♥❣✲❛ss♦❝✐❛t❡❞ ❞❡❝❧✐♥❡ ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡✲
st♦r❡s ❝♦❣♥✐t✐✈❡ ❛❜✐❧✐t✐❡s
❚❤✐s ♣❛rt ♦❢ ♠② t❤❡s✐s ✐♥❝❧✉❞❡s ❞❛t❛ t❤❛t ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❜② ❉r✳ ❆♥❛ ▼✳▼✳❖❧✐✈❡✐r❛✳ ■♥ t❤❡
❢♦❧❧♦✇✐♥❣✱ ■ ✇✐❧❧ ✐♥❞✐❝❛t❡ ✐♥ t❤❡ t❡①t ❛❢t❡r ❡✈❡r② ✜❣✉r❡ r❡❢❡r❡♥❝❡ ✐❢ t❤❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❞♦♥❡
♣❡rs♦♥❛❧❧② ✭❚❍✮ ♦r ❜② ❉r✳ ❆♥❛ ▼✳▼✳ ❖❧✐✈❡✐r❛ ✭❆❖✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❞❛t❛ t❤❛t ■ ❛❧r❡❛❞② ♦❜t❛✐♥❡❞
❞✉r✐♥❣ ♠② ▼❛st❡r t❤❡s✐s ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② ✬▼❚✬✳
✻✳✷✳✶ ❉◆▼❚✸❛✷ ✐s ✐♥❞✉❝❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②
■t ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ t❤❛t ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✸❜ ❛r❡ ✐♥❞✉❝❡❞ ❛❢t❡r ❧❡❛r♥✐♥❣ ✭▼✐❧❧❡r
❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✮✳ ❚♦ ✐♥✈❡st✐❣❛t❡ t❤❡ r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚s ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ✐♥ ♠♦r❡
❞❡t❛✐❧✱ ✇❡ ✐♥❞✉❝❡❞ ❛❝t✐♦♥ ♣♦t❡♥t✐❛❧ ❜✉rst✐♥❣ ✉s✐♥❣ t❤❡ γ✲❛♠✐♥♦❜✉t②r✐❝ ❛❝✐❞ ✭●❆❇❆❆✮ r❡❝❡♣t♦r
❛♥t❛❣♦♥✐st ❜✐❝✉❝✉❧❧✐♥❡ ❢♦r ✷ ❤♦✉rs✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✾❆ ✭❆❖✱ ❚❍ ❞✉r✐♥❣ ▼❚✮✱ ❉◆▼❚✸❛✷
✐s ✐♥❞✉❝❡❞ ✉♣♦♥ st✐♠✉❧❛t✐♦♥✱ ✇❤❡r❡❛s ❉◆▼❚✸❜ ✐s ❞♦✇♥r❡❣✉❧❛t❡❞✳ ■♥ ❝♦♥tr❛st✱ ❉◆▼❚✶ ❛♥❞
❉◆▼❚✸❛✶ ❛r❡ ♥♦t r❡❣✉❧❛t❡❞ ❜② ❛❝t✐✈✐t②✳ ❚❤❡ ❝❤❛♥❣❡s ✐♥ ✐♥❞✉❝t✐♦♥ ❛r❡ r❡✈❡rs❡❞ ✇❤❡♥ t❤❡
◆▼❉❆✲r❡❝❡♣t♦r ✐♥❤✐❜✐t♦r ▼❑✲✽✵✶ ✇❛s ♣r♦✈✐❞❡❞ t♦ t❤❡ ❝❡❧❧s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❉◆▼❚✸❛✷ ✐s
r❡❣✉❧❛t❡❞ ✐♥ ❛♥ ◆▼❉❆ r❡❝❡♣t♦r✲❞❡♣❡♥❞❡♥t ♠❛♥♥❡r ✭❋✐❣✉r❡ ✾❆✮✳ ❆s ❉◆▼❚✸❛✷ ✐s t❤❡ ♦♥❧②
❉◆▼❚ t❤❛t ✐s ✐♥❞✉❝❡❞ ❜② ❛❝t✐✈✐t②✱ ✇❡ ❢♦❝✉s❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ st✉❞✐❡s ♠❛✐♥❧② ♦♥ ❉◆▼❚✸❛✷✳
❲❡ ✐♥✈❡st✐❣❛t❡❞ ✐❢ ❉◆▼❚✸❛✷ ✐s ❛ t❛r❣❡t ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣✳ ❚❤❡ ♥❡✉r♦♥s ✇❡r❡
✐♥❢❡❝t❡❞ ✇✐t❤ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ♦❢ ❈❛▼❇P✹ ❢✉s❡❞ t♦ ♠❈❤❡rr② ✭r❆❆❱✲
❈❛▼❇P✹✲♠❈✮✳ ❈❛▼❇P✹ ✐s ❛ ♥✉❝❧❡❛r ♣r♦t❡✐♥ ✇❤✐❝❤ ❜✐♥❞s t♦ ❛♥❞✱ ❤❡♥❝❡✱ ✐♥❛❝t✐✈❛t❡s t❤❡ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ ❝♦♠♣❧❡①✳ ❆s ❛ ❝♦♥tr♦❧✱ t❤❡ ❝❡❧❧s ✇❡r❡ ❡✐t❤❡r ❧❡❢t ✉♥tr❡❛t❡❞ ♦r ✇❡r❡ ✐♥❢❡❝t❡❞
✇✐t❤ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ♦❢ ♠❈❤❡rr② t❛r❣❡t❡❞ t♦ t❤❡ ♥✉❝❧❡✉s ✭r❆❆❱✲
♠❈✳◆▲❙✮✳ ■♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ♣❛rt✐❛❧❧② r❡❞✉❝❡s t❤❡ ✐♥❞✉❝t✐♦♥ ♦❢ ❉◆▼❚✸❛✷✱
✇❤❡r❡❛s t❤❡ ❜❛s❛❧ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ✐s ✉♥❛❧t❡r❡❞ ✭❋✐❣✉r❡ ✾❇❀ ❚❍ ❞✉r✐♥❣ ▼❚✮✳ ❋✉rt❤❡r♠♦r❡✱
✇❡ st✉❞✐❡❞ t❤❡ ❦✐♥❡t✐❝s ♦❢ ❉◆▼❚✸❛✷ ❛❢t❡r st✐♠✉❧❛t✐♦♥✳ ❲❡ ❢♦✉♥❞ t❤❛t ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥
♣❡❛❦s ❛t ✹ ❤♦✉rs ❛❢t❡r st✐♠✉❧❛t✐♦♥ ❛♥❞ ✐s s✐♠✐❧❛r❧② ✐♥❞✉❝❡❞ ❛s ❝✲❋❖❙✱ ✇❤✐❝❤ ✐s ❛ ❦♥♦✇♥ ❝❧❛ss✐❝❛❧
✐♠♠❡❞✐❛t❡ ❡❛r❧② ❣❡♥❡ ✭❋✐❣✉r❡ ✾❈❀ ❚❍✮✳ ❚♦ ❛❞❞✐t✐♦♥❛❧❧② s❤♦✇ t❤❛t ❉◆▼❚✸❛✷ ✐s r❡❣✉❧❛t❡❞
r♦❜✉st❧② ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✱ ✇❡ ✉s❡❞ ❞✐✛❡r❡♥t st✐♠✉❧❛t✐♦♥ ♠❡t❤♦❞s ✐♥ ✈✐tr♦ ❛♥❞ ✐♥ ✈✐✈♦✳ ■♥
✈✐tr♦✱ s✉♣♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❑❈❧✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛♥ ✐♥✢✉① ♦❢ ❝❛❧❝✐✉♠ ✐♥ t❤❡ ❝❡❧❧s ❛♥❞ ❤❡♥❝❡ ❝❛✉s❡s
❞❡♣♦❧❛r✐③❛t✐♦♥✱ ✐♥❞✉❝❡s ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❛t ❞✐✛❡r❡♥t t✐♠❡ ♣♦✐♥ts✱ ❧❡❛✈✐♥❣ t❤❡ ♦t❤❡r ❉◆▼❚s
✉♥❝❤❛♥❣❡❞ ✭❋✐❣✉r❡ ✶✵❆❀ ❚❍✮✳ ■♥ ✈✐✈♦✱ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✇❛s ✐♥❞✉❝❡❞
❡✐t❤❡r ❜② ✐♥tr❛♣❡r✐t♦♥❡❛❧ ✐♥❥❡❝t✐♦♥s ♦❢ ❦❛✐♥✐❝ ❛❝✐❞ ♦r ❜② tr❛✐♥✐♥❣ t❤❡ ♠✐❝❡ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t
r❡❝♦❣♥✐t✐♦♥ t❛s❦✳ ❍✐♣♣♦❝❛♠♣❛❧ t✐ss✉❡ ✇❛s ❝♦❧❧❡❝t❡❞ ❡✐t❤❡r ✶ ❤♦✉r✱ ✷ ❤♦✉rs ♦r ✹ ❤♦✉rs ❛❢t❡r
✐♥❥❡❝t✐♦♥ ♦❢ ❦❛✐♥✐❝ ❛❝✐❞✳ ❆s ❛ ❝♦♥tr♦❧✱ ✇❡ ✉s❡❞ ♠✐❝❡ t❤❛t ✇❡r❡ ✐♥❥❡❝t❡❞ ✇✐t❤ P❇❙✳ ❚♦ st✉❞②
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❋✐❣✉r❡ ✾✿ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❉◆▼❚✸❛✷ ✈✐❛ ◆▼❉❆ r❡❝❡♣t♦rs ✐♥ ✈✐tr♦✳
✭❆✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s r❡✈❡❛❧s t❤❛t ❉◆▼❚✸❛✷ ✐s ✉♣r❡❣✉❧❛t❡❞ ❛♥❞ ❉◆▼❚✸❜
✐s ❞♦✇♥r❡❣✉❧❛t❡❞ ✉♣♦♥ ♥❡✉r♦♥❛❧ st✐♠✉❧❛t✐♦♥ ✇✐t❤ ❜✐❝✉❝✉❧❧✐♥❡ ✭♥❂✹❀ ❉◆▼❚✸❛✷✱
t✻❂✾✳✻✼❀ ❉◆▼❚✸❜✱ t✻❂✶✶✳✾✼✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮ ✐♥ ❛♥
◆▼❉❆ r❡❝❡♣t♦r✲❞❡♣❡♥❞❡♥t ♠❛♥♥❡r ✭♥❂ ✹❀ ❉◆▼❚✸❛✷✱ t✻❂✾✳✷✸❀ ❉◆▼❚✸❜✱ t✻❂✹✳✾✽✱
✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❇✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s s❤♦✇s t❤❛t ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐s r❡❣✉❧❛t❡❞ ❜②
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥ st✐♠✉❧❛t❡❞ ❝♦♥❞✐t✐♦♥s✳ ■♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ ✉s✐♥❣
r❆❆❱✲❈❛▼❇P✹✲♠❈❤✱ s❤♦✇s ❛ s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐♥
❤✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s tr❡❛t❡❞ ✇✐t❤ ❜✐❝✉❝✉❧❧✐♥❡ ❢♦r ✷ ❤♦✉rs ✭♥❂✺❀ ❋✭✹✱✷✵✮❂✻✻✳✸✺✱
✯♣❁✵✳✵✺ ❜② ♦♥❡✲✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st✮✳
✭❈✮ q❘❚✲P❈❘ ❞❛t❛ r❡✈❡❛❧s r❡❧❛t✐✈❡ ♠❘◆❆ ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷ ❛♥❞ ❝✲❋❖❙ ✐♥ ❛ t✐♠❡
❝♦✉rs❡ ❛♥❛❧②s✐s ✭♥≥✸❀ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts ✉♥st✐♠✉❧❛t❡❞ ❝♦♥tr♦❧ ❝♦♥❞✐t✐♦♥✮✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✇❤❡t❤❡r ❉◆▼❚✸❛✷ ✐s ✐♥❞✉❝❡❞ ❛❢t❡r tr❛✐♥✐♥❣ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✱ ✇❡ ❝♦❧❧❡❝t❡❞
t❤❡ t✐ss✉❡ ✹ ❤♦✉rs ❛❢t❡r tr❛✐♥✐♥❣ ❛♥❞ ❝♦♠♣❛r❡❞ tr❛✐♥❡❞ ♠✐❝❡ t♦ ♠✐❝❡ t❤❛t ✇❡r❡ ♦♥❧② ❤❛♥❞❧❡❞
❛♥❞ ♦t❤❡r✇✐s❡ ❧❡❢t ✐♥ t❤❡ ❤♦♠❡ ❝❛❣❡✳ ■♥ ❜♦t❤ ✐♥ ✈✐✈♦ ♠❡t❤♦❞s✱ ❉◆▼❚✸❛✷✱ ❜✉t ♥❡✐t❤❡r ♦❢ t❤❡
♦t❤❡r ❉◆▼❚s✱ ✇❛s ✐♥❞✉❝❡❞ ❛t t❤❡ ❞✐✛❡r❡♥t t✐♠❡ ♣♦✐♥ts t❤❛t ✇❡ ❡①♣❧♦r❡❞ ✭❋✐❣✉r❡ ✶✵❇❀ ❆❖ ✫
❚❍❀ ❋✐❣✉r❡✶✵❈❀ ❆❖✮✳
❚♦❣❡t❤❡r✱ t❤❡s❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t ❉◆▼❚✸❛✷ ✐s r♦❜✉st❧② r❡❣✉❧❛t❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✳ ❚❤❡
❛❝t✐✈✐t②✲✐♥❞✉❝❡❞ ❡①♣r❡ss✐♦♥ ♦❢ ❉♥♠t✸❛✷ ✐s ♠❡❞✐❛t❡❞ ❜② ◆▼❉❆ r❡❝❡♣t♦rs ❛♥❞ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
s✐❣♥❛❧❧✐♥❣✳
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❋✐❣✉r❡ ✶✵✿ ❉◆▼❚✸❛✷ ✐s r♦❜✉st❧② ❛❝t✐✈❛t❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✳
✭❆✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s s❤♦✇s t❤❛t ❉◆▼❚✸❛✷ ✐s str♦♥❣❧② ✐♥❞✉❝❡❞ ✹ ❤♦✉rs ✉♣♦♥ ❑❈❧
st✐♠✉❧❛t✐♦♥ ✐♥ ♣r✐♠❛r② ❤✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s✳ ❉◆▼❚✸❜ ✐s ✐♥❞✉❝❡❞ ♠✐❧❞❧② ❛❢t❡r ✹
❤♦✉rs ♦❢ ❑❈❧ st✐♠✉❧❛t✐♦♥✳ ❉◆▼❚✶ ❛♥❞ ❉◆▼❚✸❛✶ ❛r❡ ♥♦t r❡❣✉❧❛t❡❞ ❜② st✐♠✉❧❛t✐♦♥
♦❢ ❑❈❧ ✭♥❂✼❀ ❉◆▼❚✸❛✷✱ ❋✭✸✱✷✹✮❂✷✷✳✻✻❀ ❉◆▼❚✸❜✱ ❋✭✸✱✷✹✮❂✺✳✼✽✱ ✯♣❁✵✳✵✺ ❜② ♦♥❡✲
✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st✮✳
✭❇✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s r❡✈❡❛❧s ✉♣r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ r❡❧❛t✐✈❡ ♠❘◆❆ ❧❡✈❡❧s
✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✷ ❤♦✉rs ❛♥❞ ✹ ❤♦✉rs ❛❢t❡r ❦❛✐♥✐❝ ❛❝✐❞ ✐♥❥❡❝t✐♦♥s✳ ❉◆▼❚✸❜
✐s ♠✐❧❞❧② ❞♦✇♥r❡❣✉❧❛t❡❞ ✶ ❤♦✉r ❛♥❞ ✷ ❤♦✉rs ❛❢t❡r ❦❛✐♥✐❝ ❛❝✐❞ ❛❞♠✐♥✐str❛t✐♦♥✳
❊①♣r❡ss✐♦♥ ♦❢ ❉◆▼❚✶ ❛♥❞ ❉◆▼❚✸❛✶ ✐s ✉♥❛❧t❡r❡❞ ✭♥❂✸ ✐♥ ✶ ❤♦✉r ❛♥❞ ✹ ❤♦✉r t✐♠❡
♣♦✐♥t✱ ♥❂✹ ✐♥ s❛❧✐♥❡ ❛♥❞ ✷ ❤♦✉r t✐♠❡ ♣♦✐♥t❀ ❉◆▼❚✸❛✷✱ ❋✭✸✱✶✵✮❂✼✼✳✻✸❀ ❉◆▼❚✸❜✱
❋✭✸✱✶✵✮❂✻✷✱ ✯♣❁✵✳✵✺ ❜② ♦♥❡ ✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st✮✳
✭❈✮ ❍✐♣♣♦❝❛♠♣❛❧ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐s ✐♥❞✉❝❡❞ ✹ ❤♦✉rs ❛❢t❡r tr❛✐♥✐♥❣ ✐♥ t❤❡
s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✱ ❛s r❡✈❡❛❧❡❞ ❜② q❘❚✲P❈❘ ❛♥❛❧②s✐s✳ ❊①♣r❡ss✐♦♥
❧❡✈❡❧s ♦❢ ❉◆▼❚✶✱ ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚❜ ✇❡r❡ ♥♦t ❝❤❛♥❣❡❞ ✭♥❂✽✴❣r♦✉♣❀
❉◆▼❚✸❛✷✱ t✶✹❂✷✳✹✼✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✹✷
✻✳✷✳✷ ❆ ❞❡❝r❡❛s❡ ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❧❡❛❞s t♦ ♠❡♠♦r② ❞❡✜❝✐ts
❆s ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐♥❝r❡❛s❡s ❛❢t❡r ❧❡❛r♥✐♥❣✱ ✇❡ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞ ✐❢ ❉◆▼❚✸❛✷ ✐s
✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ♣r♦❞✉❝❡❞ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛ ❉◆▼❚✸❛✷✲
s♣❡❝✐✜❝ s❤❘◆❆ ❛♥❞ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ♦❢ ❣r❡❡♥ ✢✉♦r❡s❝❡♥t ♣r♦t❡✐♥ ✭●❋P✮ ✭r❆❆❱✲s❤✸❛✷✲
●❋P✮✳ ❋♦r t❤❡ ❝♦♥tr♦❧✱ ✇❡ ✉s❡❞ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛ ✉♥✐✈❡rs❛❧ ♥❡❣❛t✐✈❡ ❝♦♥tr♦❧ s❡q✉❡♥❝❡
❛♥❞ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ♦❢ ●❋P ✭r❆❆❱✲❯◆❈✮ ✭❋✐❣✉r❡ ✶✶❆✮✳ ❲❡ ✐♥❢❡❝t❡❞ ❤✐♣♣♦❝❛♠♣❛❧
❝✉❧t✉r❡s ✇✐t❤ ❡✐t❤❡r r❆❆❱✲s❤✸❛✷✲●❋P ♦r r❆❆❱✲❯◆❈✳ ■♥ ❜❛s❛❧ ❛s ✇❡❧❧ ❛s ✐♥ ✐♥❞✉❝❡❞ ❝♦♥❞✐t✐♦♥s✱
♥❡✉r♦♥s ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P ❤❛✈❡ ❛ r❡❞✉❝❡❞ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❝♦♠♣❛r❡❞
t♦ ✉♥✐♥❢❡❝t❡❞ ❝♦♥tr♦❧s ❛♥❞ r❆❆❱✲❯◆❈✲❡①♣r❡ss✐♥❣ ❝❡❧❧s✳ ❍♦✇❡✈❡r✱ t❤❡ ❡①♣r❡ss✐♦♥ ❧❡✈❡❧ ♦❢
❉◆▼❚✸❛✶ ✇❛s ♥♦t ❛✛❡❝t❡❞ ✭❋✐❣✉r❡ ✶✷❆❀ ❆❖✮✳ ◆❡①t✱ ✇❡ ✐♥❥❡❝t❡❞ r❆❆❱✲s❤✸❛✷✲●❋P ❛♥❞ r❆❆❱✲
❯◆❈ ✐♥t♦ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡ ✭❋✐❣✉r❡ ✶✶❇❀ ❆❖ ✫ ❚❍✮✳ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲
s❤✸❛✷✲●❋P s❤♦✇ ❞❡❝r❡❛s❡❞ ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷✱ ❜✉t ♥♦t ❉◆▼❚✸❛✶✱ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧
✐♥❥❡❝t❡❞ ♠✐❝❡ ✭❋✐❣✉r❡ ✶✷❇❀ ❆❖ ✫ ❚❍✮✳ ❆s ♦✉r r❆❆❱✲s❤✸❛✷✲●❋P s♣❡❝✐✜❝❛❧❧② ❞♦✇♥r❡❣✉❧❛t❡s
❉◆▼❚✸❛✷ ✐♥ ✈✐tr♦ ❛♥❞ ✐♥ ✈✐✈♦✱ ✇❡ ♥❡①t ✐♥✈❡st✐❣❛t❡❞ ✐❢ ♠✐❝❡ ✇✐t❤ r❡❞✉❝❡❞ ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷
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❋✐❣✉r❡ ✶✷✿ ❉♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❧❡✈❡❧s ✈✐❛ r❆❆❱✲s❤✸❛✷✲●❋P ✐♥❢❡❝t✐♦♥✳
✭❆✮ ■♥ ✈✐tr♦ ✈❛❧✐❞❛t✐♦♥ ♦❢ s❤❘◆❆✲♠❡❞✐❛t❡❞ ❞♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷✳
❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐s ❞♦✇♥r❡❣✉❧❛t❡❞ ✉♣♦♥ ✐♥❢❡❝t✐♦♥ ♦❢ ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦♥❛❧
❝✉❧t✉r❡s ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P ✐♥ ❜❛s❛❧ ✭♥❂✻✴❝♦♥❞✐t✐♦♥✱ ❋✭✷✱✶✶✮❂✸✼✳✾✷✱ ✯♣❁✵✳✵✺
❜② ♦♥❡✲✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st✮ ❛♥❞ st✐♠✉❧❛t❡❞
✭❋✭✷✱✶✹✮❂✶✸✳✺✷✱ ✯♣❁✵✳✵✺ ❜② ♦♥❡✲✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡rr♦♥✐ ♣♦st ❤♦❝ t❡st✮
❝♦♥❞✐t✐♦♥s✳ ❉◆▼❚✸❛✶ ❡①♣r❡ss✐♦♥ ❧❡✈❡❧ ✐s ♥♦t ❛❧t❡r❡❞✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts
t❤❡ ♠❘◆❆ ❡①♣r❡ss✐♦♥ ❧❡✈❡❧ ♦❢ t❤❡ ✉♥✐♥❢❡❝t❡❞✱ ✉♥st✐♠✉❧❛t❡❞ ❝♦♥tr♦❧ ❝♦♥❞✐t✐♦♥✳
✭❇✮ ■♥ ✈✐✈♦ ✈❛❧✐❞❛t✐♦♥ ♦❢ s❤❘◆❆✲♠❡❞✐❛t❡❞ ❞♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷✳ ❚❤❡ ❧❡✈❡❧
♦❢ ❤✐♣♣♦❝❛♠♣❛❧ ❉◆▼❚✸❛✷ ✐s r❡❞✉❝❡❞ ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P ✭♥≥✺✱
t✾❂✸✳✵✾✱ ♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✱ ✇✐t❤♦✉t ❛✛❡❝t✐♥❣ ❡♥❞♦❣❡♥♦✉s
❉◆▼❚✸❛✶ ❡①♣r❡ss✐♦♥✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
s❤♦✇ ❛♥② ❜❡❤❛✈✐♦r❛❧ ❛❧t❡r❛t✐♦♥✳ ❲❡ ❛ss❡ss❡❞ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❢♦✉r ❤✐♣♣♦❝❛♠♣❛❧
❞❡♣❡♥❞❡♥t t❛s❦s✱ ♥❛♠❡❧②✱ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✭❞❛t❛ ♥♦t s❤♦✇♥✮✱
s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ ❛♥❞ ▼♦rr✐s ✇❛t❡r ♠❛③❡✳ ■♥ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ♠✐❝❡ s❤♦✇
❝♦♠♣❛r❛❜❧❡ ❢r❡❡③✐♥❣ ❞✉r✐♥❣ t❤❡ ♣r❡✲❈♦♥❞✐t✐♦♥✐♥❣ ❙t✐♠✉❧✉s ✭♣r❡❈❙✮ ♣❤❛s❡✳ ❍♦✇❡✈❡r✱ ❞✉r✐♥❣
t❤❡ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ t♦♥❡ ✭❈♦♥❞✐t✐♦♥❡❞ ❙t✐♠✉❧✉s❀ ❈❙✮✱ ❝♦♥tr♦❧ ♠✐❝❡ ❡①❤✐❜✐t❡❞ ❛♥ ✐♥❝r❡❛s❡
✐♥ ❢❡❛r r❡s♣♦♥s❡✱ ✇❤✐❝❤ ✇❛s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❝♦♠♣❛r❡❞ t♦ t❤❡ ❢❡❛r r❡s♣♦♥s❡ ♦❢ r❆❆❱✲s❤✸❛✷✲
●❋P✲✐♥❥❡❝t❡❞ ♠✐❝❡ ✭❋✐❣✉r❡ ✶✸❇❀ ❆❖✮✳ ❚❤✐s ❡✛❡❝t ✇❛s ♥♦t ❞✉❡ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ s❤♦❝❦ r❡❛❝t✐✈✐t②
✭❋✐❣✉r❡ ✶✸❈❀ ❆❖✮✳ ❋✉rt❤❡r✱ t❤❡ ♦❜s❡r✈❡❞ ♠❡♠♦r② ❞❡✜❝✐ts ✇❡r❡ s♣❡❝✐✜❝ t♦ ▲❚▼✱ ❛s ❜♦t❤ ❣r♦✉♣s
♣❡r❢♦r♠❡❞ ❡q✉❛❧❧② ✇❡❧❧ ✇❤❡♥ t❡st❡❞ ✶ ❤♦✉r ❛❢t❡r tr❛✐♥✐♥❣ ✭❙❚▼✮ ✭❋✐❣✉r❡ ✶✸❆❀ ❆❖✮✳ ■♥ ❛❞❞✐t✐♦♥✱
♠✐❝❡ ✇✐t❤ r❡❞✉❝❡❞ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❡①❤✐❜✐t ❞❡✜❝✐ts ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦
❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ♠✐❝❡ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦ ✭❋✐❣✉r❡ ✶✹❆❀ ❆❖✮✳ ■♥ t❤❡ tr❛✐♥✐♥❣
s❡ss✐♦♥✱ ❜♦t❤ ❣r♦✉♣s ❞❡♠♦♥str❛t❡❞ ❡q✉❛❧ ♣r❡❢❡r❡♥❝❡ ❢♦r ❜♦t❤ ♦❜❥❡❝ts ✭❋✐❣✉r❡ ✶✹❇✮ ❛♥❞ s♣❡♥t
✹✹
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PreCS CS US
Training session
(24h test)
❋✐❣✉r❡ ✶✸✿ ▼❡♠♦r② ❞❡✜❝✐ts ✐♥ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❞✉❡ t♦ ❛ r❡❞✉❝t✐♦♥ ✐♥
❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥✳
✭❆✮ ❉♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❞♦❡s ♥♦t ❛✛❡❝t s❤♦rt✲t❡r♠ ♠❡♠♦r②
✭✶ ❤ t❡st✱ ♥❂✾ ♣❡r ❣r♦✉♣✮✳
✭❇✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P ❞✐s♣❧❛② s✐❣♥✐✜❝❛♥t❧② ❧❡ss ❢r❡❡③✐♥❣ ✉♣♦♥ ❈❙
♣r❡s❡♥t❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ♠✐❝❡✱ s✉❣❣❡st✐♥❣ ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❞❡✜❝✐ts
✭✷✹❤ t❡st❀ r❆❆❱✲❯◆❈ ♥❂✶✹✱ r❆❆❱✲s❤✸❛✷✲●❋P ♥❂✶✺❀ ❈❙✱ t✷✼❂✷✳✷✽❀ ❈❙✲♣r❡❈❙✱
t✷✼❂✸✳✷✹✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❈✮ ❇♦t❤ ❣r♦✉♣s s❤♦✇ s✐♠✐❧❛r ❛❝t✐✈✐t② ❛♥❞ ❢♦♦t✲s❤♦❝❦ r❡❛❝t✐✈✐t② ✐♥ t❤❡ tr❛✐♥✐♥❣
s❡ss✐♦♥✳
Pr❡✲❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ Pr❡❈❙❀ ❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ ❈❙✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ❛s
♠❡❛♥ ± ❙✳❊✳▼✳
❝♦♠♣❛r❛❜❧❡ t✐♠❡ ❡①♣❧♦r✐♥❣ t❤❡ ♦❜❥❡❝ts ✭❋✐❣✉r❡ ✶✹❈❀ ❆❖✮✳ ❈♦♥tr♦❧ ♠✐❝❡ ❞❡✈❡❧♦♣❡❞ ❛ ♣r❡❢❡r❡♥❝❡
❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✐♥ t❤❡ t❡st s❡ss✐♦♥✳ ■♥ ❝♦♥tr❛st✱ ♠✐❝❡ ✇✐t❤ r❡❞✉❝❡❞ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥
❤❛❞ ♥♦ ♣r❡❢❡r❡♥❝❡ t♦✇❛r❞s t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✭❋✐❣✉r❡ ✶✹❆❀ ❆❖✮✳ P❡r❢♦r♠❛♥❝❡ ✐♥ t❤❡ ▼♦rr✐s
✇❛t❡r ♠❛③❡ t❛s❦ ✇❛s ❛❧s♦ ❛❧t❡r❡❞ ✐♥ ♠✐❝❡ ✐♥❥❡❝t❡❞ ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P✱ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧
♠✐❝❡✳ ❇♦t❤ ❣r♦✉♣s ❧❡❛r♥❡❞ t❤❡ t❛s❦ ❞✉r✐♥❣ t❤❡ ❛❝q✉✐s✐t✐♦♥ ♣❤❛s❡ ✭❋✐❣✉r❡ ✶✺❆❀ ❚❍✮✳ Pr♦❜❡
tr✐❛❧ ♦♥❡✱ ✇❤✐❝❤ ✇❛s ❝♦♥❞✉❝t❡❞ ❛❢t❡r ✹ ❞❛②s ♦❢ tr❛✐♥✐♥❣✱ r❡✈❡❛❧❡❞ t❤❛t ❛t t❤✐s ❡❛r❧② t✐♠❡ ♣♦✐♥t✱
❜♦t❤ ❣r♦✉♣s ❤❛✈❡ ♥♦t ②❡t ❧❡❛r♥❡❞ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣❧❛t❢♦r♠ ✭❋✐❣✉r❡ ✶✺❇❀ ❚❍✮✳ ❍♦✇❡✈❡r✱
❛❢t❡r ✽ ❞❛②s ♦❢ tr❛✐♥✐♥❣✱ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❯◆❈ s♣❡♥t s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ t✐♠❡ ✐♥ t❤❡ t❛r❣❡t
q✉❛❞r❛♥t t❤❛♥ ✐♥ t❤❡ ♦t❤❡r t❤r❡❡ q✉❛❞r❛♥ts✳ ▼✐❝❡ ✇✐t❤ r❡❞✉❝❡❞ ❉◆▼❚✸❛✷ ❧❡✈❡❧s ❞✐❞ ♥♦t s♣❡♥❞
♠♦r❡ t✐♠❡ ✐♥ t❤❡ t❛r❣❡t q✉❛❞r❛♥t✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡② ❞✐❞ ♥♦t ❧❡❛r♥ t❤❡ s♣❛t✐❛❧ ❧♦❝❛t✐♦♥ ♦❢ t❤❡
♣❧❛t❢♦r♠ ✭❋✐❣✉r❡ ✶✺❈❀ ❚❍✮✳ ❆s t❤❡s❡ ♠✐❝❡ ❧❡❛r♥❡❞ t❤❡ ✈✐s✐❜❧❡ ✈❡rs✐♦♥ ♦❢ t❤✐s t❡st✱ ❞✐✛❡r❡♥❝❡s ✐♥
♠♦t✐✈❛t✐♦♥ ❛♥❞ s✐❣❤t ❝❛♥ ❜❡ r✉❧❡❞ ♦✉t ✭❋✐❣✉r❡ ✶✺❉❀ ❚❍✮✳ ❚♦ ❡①❝❧✉❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t ♠❡♠♦r②
❞❡✜❝✐ts ✇❡r❡ ❝❛✉s❡❞ ❜② ✈✐r❛❧ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ ♥❡✉r♦❣❡♥❡s✐s✱ ✇❡ ♣❡r❢♦r♠❡❞ ❛ ❞♦✉❜❧❡❝♦✉rt✐♥
✭❉❈❳✮ st❛✐♥✐♥❣✳ ❉❈❳ ✐s ❛ ♠❛r❦❡r ❢♦r ✐♠♠❛t✉r❡ ♥❡✉r♦♥s✳ ❍❡♥❝❡✱ ✐♥ ❝❛s❡ ✐♠♠❛t✉r❡ ♥❡✉r♦♥s
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rAAV-UNC 
rAAV-sh3a2-GFP 
❋✐❣✉r❡ ✶✹✿ ❉✐♠✐♥✐s❤❡❞ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡s✉❧ts ✐♥ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ t❤❡
s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✳
✭❆✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t❧② ❧❡ss ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡
❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ♠✐❝❡ ✭r❆❆❱✲❯◆❈ ♥❂ ✶✾✱ r❆❆❱✲
s❤✸❛✷✲●❋P ♥❂✶✻❀ t✸✸❂✷✳✸✺✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❇✮ ❚❤❡ t✇♦ ❣r♦✉♣s ❡①♣❧♦r❡❞ ❜♦t❤ ♦❜❥❡❝ts ❡q✉✐✈❛❧❡♥t❧② ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥✳
✭❈✮ ❚♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ✇❛s s✐♠✐❧❛r ✐♥ ❜♦t❤ ❣r♦✉♣s✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛t ✺✵✪ ✐♥❞✐❝❛t❡s ❝❤❛♥❝❡ ❧❡✈❡❧ ♦❢ ♦❜❥❡❝t ❡①♣❧♦r❛t✐♦♥✳ ❉❛t❛ ❛r❡
s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
❛r❡ ❛✛❡❝t❡❞ ❜② ♦✉r ✈✐r❛❧ ✐♥❢❡❝t✐♦♥s✱ ♥❡✉r♦♥s s❤♦✉❧❞ ❜❡ ♣♦s✐t✐✈❡ ❢♦r ❉❈❳ ❛♥❞ ●❋P✳ ❲❡ ❛♥❛❧②s❡❞
t❤❡ ❞❡♥t❛t❡ ❣②r✉s✱ t❤❡ r❡❣✐♦♥ ✐♥ ✇❤✐❝❤ ♥❡✉r♦❣❡♥❡s✐s t❛❦❡s ♣❧❛❝❡✱ ❜✉t ❝♦✉❧❞ ♥♦t ✜♥❞ ❛♥② ♥❡✉r♦♥
t❤❛t ✇❛s ❞♦✉❜❧❡✲♣♦s✐t✐✈❡✳ ❚❤❡r❡❢♦r❡✱ ✇❡ r✉❧❡❞ ♦✉t t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t ❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s
❛r❡ t❤❡ r❡s✉❧t ♦❢ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ ♥❡✉r♦❣❡♥❡s✐s ✭❋✐❣✉r❡ ✶✻✮✳
❍❡r❡✱ ✇❡ ❞❡♠♦♥str❛t❡ t❤❛t ❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣❛❧ ❉♥♠t✸❛✷ ❧❡✈❡❧ ❝❛✉s❡s ✐♠♣❛✐r♠❡♥ts
✐♥ ❛ss♦❝✐❛t✐✈❡ ❛♥❞ s♣❛t✐❛❧ ❧❡❛r♥✐♥❣ t❛s❦s✳
✻✳✷✳✸ ❆❣❡❞ ♠✐❝❡ ❡①❤✐❜✐t ♠❡♠♦r② ❞❡✜❝✐ts ❛♥❞ r❡❞✉❝❡❞ ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷
◆✉♠❡r♦✉s st✉❞✐❡s ❤❛✈❡ ♣r❡✈✐♦✉s❧② s❤♦✇♥ t❤❛t ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ❞✉r✐♥❣ ❛❣✐♥❣ ✐s ✐♠♣❛✐r❡❞
✭❇❛❝❤ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❇❧❛♥❦ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❆s ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❛ ❞❡❝r❡♠❡♥t ♦❢ ❉◆▼❚✸❛✷
❡①♣r❡ss✐♦♥ ❧❡❛❞s t♦ ♠❡♠♦r② ❞❡✜❝✐ts✱ ✇❡ ❛✐♠❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ✐❢ ❛❣✐♥❣✲❛ss♦❝✐❛t❡❞ ♠❡♠♦r②
✐♠♣❛✐r♠❡♥ts ♣r♦❣r❡ss ✐♥ ❧✐♥❡ ✇✐t❤ ❞✐♠✐♥✐s❤✐♥❣ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥✳ ❋✐rst✱ ✇❡ s❤♦✇ t❤❛t ❛❣❡❞
♠✐❝❡ s❤♦✇ ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ t✇♦ ❤✐♣♣♦❝❛♠♣❛❧ t❛s❦s✱ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❛♥❞ s♣❛t✐❛❧ ♦❜❥❡❝t
r❡❝♦❣♥✐t✐♦♥✳ ■♥ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ ❜♦t❤ ❣r♦✉♣s s❤♦✇ ❝♦♠♣❛r❛❜❧❡ ❢r❡❡③✐♥❣ ❞✉r✐♥❣ t❤❡ ♦♥s❡t
♦❢ t❤❡ t♦♥❡ ✭❈❙✮✳ ❍♦✇❡✈❡r✱ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❢r❡❡③✐♥❣ ❧❡✈❡❧ ❜❡❢♦r❡ t❤❡ t♦♥❡ ♦♥s❡t ✭♣r❡❈❙✮✱
✐t ❜❡❝♦♠❡s ❛♣♣❛r❡♥t t❤❛t ❛❣❡❞ ♠✐❝❡ ❛r❡ ❣❡♥❡r❛❧❧② ♠♦r❡ ❛♥①✐♦✉s✳ ❚❤❡r❡❢♦r❡✱ ✇❡ s✉❜tr❛❝t❡❞ t❤❡
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❋✐❣✉r❡ ✶✺✿ ❉♦✇♥r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❝❛✉s❡s ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ t❤❡ ▼♦rr✐s
✇❛t❡r ♠❛③❡✳
✭❆✮ r❆❆❱✲❯◆❈✲ ❛♥❞ r❆❆❱✲s❤✸❛✷✲●❋P✲❡①♣r❡ss✐♥❣ ♠✐❝❡ s❤♦✇ ♥♦ st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❡s❝❛♣❡ ❧❛t❡♥❝② ❞✉r✐♥❣ t❤❡ ❛❝q✉✐s✐t✐♦♥ ♣❤❛s❡✳ ■t ✐s
♥♦t❡✇♦rt❤②✱ ❤♦✇❡✈❡r✱ t❤❛t ❡s❝❛♣❡ ❧❛t❡♥❝② st❛rts t♦ ♣❧❛t❡❛✉ ❢r♦♠ ❞❛② ✸ ♦♥✇❛r❞s
✐♥ t❤❡ r❆❆❱✲s❤✸❛✷✲●❋P ❣r♦✉♣✱ ✇❤❡r❡❛s ❡s❝❛♣❡ ❧❛t❡♥❝② st✐❧❧ ❞❡❝r❡❛s❡s s❧✐❣❤t❧② ✐♥
t❤❡ r❆❆❱✲❯◆❈ ❣r♦✉♣✳
✭❇✮ ❇♦t❤ ❣r♦✉♣s ❞✐❞ ♥♦t ❧❡❛r♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣❧❛t❢♦r♠ ❛❢t❡r ✹ ❞❛②s ♦❢ tr❛✐♥✐♥❣✱
❛s ✐♥❞✐❝❛t❡❞ ✐♥ ♣r♦❜❡ tr✐❛❧ ✶✳
✭❈✮ ■♥ ♣r♦❜❡ tr✐❛❧ ✸✱ ❝♦♥tr♦❧ ♠✐❝❡ s♣❡♥❞ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ t✐♠❡ ✐♥ t❤❡ t❛r❣❡t
q✉❛❞r❛♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r q✉❛❞r❛♥ts ✭♥❂✶✹✱ ❋❬✸✱✺✷❪❂✶✷✳✼✹✱ ✯♣❁✵✳✵✺ ❜② ♦♥❡✲
✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ◆❡✇♠❛♥ ❑❡✉❧s ♣♦st ❤♦❝ t❡st✮ ❛♥❞ r❆❆❱✲s❤✸❛✷✲●❋P
✐♥❥❡❝t❡❞ ♠✐❝❡ ✭r❆❆❱✲❯◆❈ ♥❂✶✹✱ r❆❆❱✲s❤✸❛✷✲●❋P ♥❂✶✶✱ t✶✸❂✷✳✺✸✱ ✯♣❁✵✳✵✺ ❜②
t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳ ▼✐❝❡ ✇✐t❤ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❞✐❞
♥♦t s♣❡♥❞ ♠♦r❡ t✐♠❡ ✐♥ t❤❡ t❛r❣❡t q✉❛❞r❛♥t✳
✭❉✮ ❇♦t❤ ❣r♦✉♣s ♣❡r❢♦r♠❡❞ ❡q✉✐✈❛❧❡♥t❧② ✐♥ t❤❡ ✈✐s✐❜❧❡✲♣❧❛t❢♦r♠ ✈❡rs✐♦♥ ♦❢ t❤❡
▼♦rr✐s ✇❛t❡r ♠❛③❡✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛t ✷✺✪ ✐♥❞✐❝❛t❡s ❝❤❛♥❝❡ ❧❡✈❡❧ ♦❢ s♣❡♥❞✐♥❣ t✐♠❡ ✐♥ ❡❛❝❤ q✉❛❞r❛♥t✳
◆♦t s✐❣♥✐✜❝❛♥t✱ ♥✳s✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✹✼
DCX GFP Hoechst
❋✐❣✉r❡ ✶✻✿ P♦st♠✐t♦t✐❝ ♥❡✉r♦♥s ❛r❡ ❡①❝❧✉s✐✈❡❧② ✐♥❢❡❝t❡❞ ❜② r❆❆❱s✳
❚♦ r✉❧❡ ♦✉t t❤❛t ❜❡❤❛✈✐♦✉r❛❧ ❞❡✜❝✐ts ✇❡r❡ ❞✉❡ t♦ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ ♥❡✉r♦❣❡♥❡s✐s✱
✇❡ ❛♥❛❧②s❡❞ ✐❢ ✐♥❢❡❝t❡❞ ❝❡❧❧s ❛r❡ ❛❧s♦ ♣♦s✐t✐✈❡ ❢♦r ❞♦✉❜❧❡❝♦rt✐♥ ✭❉❈❳✮✳ ❉❈❳ ✐s ❛
♠❛r❦❡r ❢♦r ✐♠♠❛t✉r❡ ♥❡✉r♦♥s✳ ❋♦✉r ♠✐❝❡ ✇❡r❡ ✐♥❢❡❝t❡❞ ✇✐t❤ ♦✉r r❆❆❱ ✈❡❝t♦rs✱
❛♥❞ ✇❡ ❛♥❛❧②s❡❞ ✽ s❧✐❝❡s ✐♥ t♦t❛❧✳ ❲❡ ❞✐❞ ♥♦t ✜♥❞ ❛♥② ❝❡❧❧ t❤❛t ✇❛s ♣♦s✐t✐✈❡ ❢♦r
●❋P ❛♥❞ ❉❈❳✳ ❙❝❛❧❡ ❜❛r❂✶✵✵µ♠✳
❢r❡❡③✐♥❣ t✐♠❡ ❞✉r✐♥❣ ♣r❡❈❙ ❢r♦♠ t❤❡ t✐♠❡ ♠✐❝❡ s♣❡♥t ❢r❡❡③✐♥❣ ❞✉r✐♥❣ t❤❡ ❈❙ t♦ ♥♦r♠❛❧✐s❡ ❢♦r
❜❛s❛❧ ❢r❡❡③✐♥❣ ✭❋✐❣✉r❡ ✶✼❆❀ ❚❍ ❞✉r✐♥❣ ▼❚✮✳ ❚❤♦✉❣❤ ❛❣❡❞ ♠✐❝❡ r❡❛❝t❡❞ s✐❣♥✐✜❝❛♥t❧② str♦♥❣❡r t♦
t❤❡ s❤♦❝❦✱ ❛❣❡❞ ♠✐❝❡ ❞✐s♣❧❛② s✐❣♥✐✜❝❛♥t❧② ❧❡ss ❢r❡❡③✐♥❣ ✐♥ t❤❡ t❡st s❡ss✐♦♥ ✭❈❙✲♣r❡❈❙✮✱ s✉❣❣❡st✐♥❣
t❤❡② ❛r❡ ✐♠♣❛✐r❡❞ ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✭❋✐❣✉r❡ ✶✼❇❀ ❚❍ ❞✉r✐♥❣✮✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ❛♥①✐❡t②
♦❢ ❛❣❡❞ ♠✐❝❡✱ ✇❡ ♣❡r❢♦r♠❡❞ ❛♥ ❛❞❞✐t✐♦♥❛❧ t❛s❦ t❤❛t ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❛✈❡rs✐✈❡ r❡✐♥❢♦r❝❡♠❡♥t✳
❚❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦ ❝♦♥✜r♠❡❞ ♦✉r ✜♥❞✐♥❣ t❤❛t ❛❣❡❞ ♠✐❝❡ ❤❛✈❡ ❝♦❣♥✐t✐✈❡ ❞❡✜❝✐ts✱
❛s ❛❣❡❞ ♠✐❝❡ ❞✐❞ ♥♦t s❤♦✇ ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t ✭❋✐❣✉r❡ ✶✽❆❀ ❆❖✮✳ ■t ✐s ✇♦rt❤
♥♦t✐♥❣ t❤❛t t♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ✐♥ ❛❣❡❞ ♠✐❝❡ ✇❛s ♥♦t ❛❧t❡r❡❞ ✭❋✐❣✉r❡ ✶✽❇❀ ❆❖✮✳ ◆❡①t✱ ✇❡
❞✐ss❡❝t❡❞ ❤✐♣♣♦❝❛♠♣❛❧ t✐ss✉❡ ❢r♦♠ ②♦✉♥❣ ❛♥❞ ❛❣❡❞ ♠✐❝❡ ❛♥❞ ❝♦♠♣❛r❡❞ ❉◆▼❚✸❛✷ ♠❘◆❆ ❧❡✈❡❧s✳
❆❣❡❞ ♠✐❝❡ s❤♦✇ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷✱ ❜✉t ♥♦t ❉◆▼❚✶ ❛♥❞
❉◆▼❚✸❜ ✭❋✐❣✉r❡ ✶✽❈❀ ❆❖✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ tr❛✐♥✐♥❣✲✐♥❞✉❝❡❞ ✐♥❝r❡❛s❡ ♦❢ ❉◆▼❚✸❛✷ ♦❜s❡r✈❡❞
✐♥ ②♦✉♥❣ ♠✐❝❡ ✐s ♠✐ss✐♥❣ ✐♥ ❛❣❡❞ ♠✐❝❡ ✭❋✐❣✉r❡ ✶✽❉❀ ❆❖✮✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ♣r♦✈✐❞❡ ❛ ❝❛✉s❛❧ ❧✐♥❦
❜❡t✇❡❡♥ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐♥ ②♦✉♥❣ ❛♥❞ ❛❣❡❞ ♠✐❝❡✳
✻✳✷✳✹ ▼❡♠♦r② ❞❡✜❝✐ts ✐♥ ❛❣❡❞ ♠✐❝❡ ❝❛♥ ❜❡ r❡s❝✉❡❞ ❜② r❡st♦r✐♥❣ ❉◆▼❚✸❛✷
❡①♣r❡ss✐♦♥
❚♦ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r r❡st♦r✐♥❣ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡s❝✉❡s ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ ❛❣❡❞ ♠✐❝❡✱ ✇❡
♣r♦❞✉❝❡❞ ❛ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ❢♦r ❍❆✲❡♣✐t♦♣❡✲t❛❣❣❡❞ ❉◆▼❚✸❛✷ ✭r❆❆❱✲
❍❆✲❉♥♠t✸❛✷✮ ❛♥❞ ❛ ❝♦♥tr♦❧ r❆❆❱ ❝♦♥t❛✐♥✐♥❣ ❛♥ ❡①♣r❡ss✐♦♥ ❝❛ss❡tt❡ ❢♦r ●❋P ✭r❆❆❱✲●❋P✮
✭❋✐❣✉r❡ ✶✾❆✮✳ ▼✐❝❡ t❤❛t ✇❡r❡ ✐♥❥❡❝t❡❞ ✇✐t❤ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ✭❋✐❣✉r❡ ✶✾❇❀ ❆❖ ✫ ❚❍✮
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❋✐❣✉r❡ ✶✼✿ ❆❣❡❞ ♠✐❝❡ ❞✐s♣❧❛② ♠❡♠♦r② ❞❡✜❝✐ts ✐♥ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✳
✭❆✮ ❨♦✉♥❣ ♠✐❝❡ s❤♦✇ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❢r❡❡③✐♥❣ r❛t❡ ❞✉r✐♥❣ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡
❈❙ ✭♥❂✻ ♣❡r ❣r♦✉♣❀ Pr❡❈❙ ✈s ❈❙✱ t✹❂✹✳✺✼❀ ♣❁✵✳✵✺ ❜② ♣❛✐r❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
❚❤♦✉❣❤ ❛❣❡❞ ♠✐❝❡ ❢r❡❡③❡ ❡q✉✐✈❛❧❡♥t❧② ❞✉r✐♥❣ ❈❙✱ ❝♦♠♣❛r❡❞ t♦ ②♦✉♥❣ ♠✐❝❡✱ t❤❡②
❛r❡ ❣❡♥❡r❛❧❧② ♠♦r❡ ❛♥①✐♦✉s✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② ❤✐❣❤ ❢r❡❡③✐♥❣ r❛t❡s ❞✉r✐♥❣ ♣r❡❈❙✳
❚❤❡r❡❢♦r❡✱ s✉❜tr❛❝t✐♥❣ t❤❡ ❜❛s❡❧✐♥❡ ❢r❡❡③✐♥❣ ✭♣r❡❈❙✮ ❢r♦♠ t❤❡ ❢r❡❡③✐♥❣ ❞✉r✐♥❣ ❈❙
r❡✈❡❛❧s ❛ ♠❡♠♦r② ❞❡✜❝✐t ✐♥ ❛❣❡❞ ♠✐❝❡ ✭❈❙✲♣r❡❈❙✮ ✭t✾❂✷✳✻✶✱ ♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞
st✉❞❡♥t✬s t✲t❡st✮✳
✭❇✮ ❇❛s❛❧ ♠♦✈✐♥❣ s♣❡❡❞ ✭♣r❡❈❙✮ ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥ ✇❛s ❞❡❝r❡❛s❡❞ ✐♥ ❛❣❡❞
♠✐❝❡ ✭♥❂✻ ♣❡r ❣r♦✉♣✱ t✶✵❂✷✳✺✻✱ ♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✱ ❤♦✇❡✈❡r✱
♥♦ ❢r❡❡③✐♥❣ ✇❛s ♠❡❛s✉r❡❞ ✐♥ ❜♦t❤ ❣r♦✉♣s✳ ❆❣❡❞ ♠✐❝❡ ❞✐s♣❧❛②❡❞ ❤✐❣❤❡r ❢♦♦t✲s❤♦❝❦
r❡❛❝t✐✈✐t② ✭t✶✵❂✺✳✷✷✱ ♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✱ ❝♦♠♣❛r❡❞ t♦ ②♦✉♥❣
♠✐❝❡✳
◆♦t s✐❣♥✐✜❝❛♥t✱ ♥✳s✳❀ ♣r❡✲❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ Pr❡❈❙❀ ❝♦♥❞✐t✐♦♥❡❞ st✐♠✉❧✉s✱ ❈❙✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❢r❡❡③✐♥❣ ❞✉r✐♥❣ t❤❡ t♦♥❡ ♣r❡s❡♥t❛t✐♦♥ ✐♥ tr❛❝❡ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱
✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❛❣❡❞ ❝♦♥tr♦❧ ❛♥✐♠❛❧s✱ ✐♥❞✐❝❛t✐♥❣ ✐♠♣r♦✈❡❞ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✭❋✐❣✉r❡
✷✵❆❀ ❆❖✮✳ ❖♥❡ ♠✉st ♥♦t❡ t❤❛t ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ❡①❤✐❜✐t❡❞ str♦♥❣❡r s❤♦❝❦
r❡❛❝t✐✈✐t② ✭❋✐❣✉r❡ ✷✵❇❀ ❆❖✮✱ ❤♦✇❡✈❡r✱ t❤❡r❡ ✇❛s ♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❢♦♦t✲s❤♦❝❦ r❡❛❝t✐✈✐t②
❛♥❞ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✭❋✐❣✉r❡ ✷✵❈❀ ❆❖✮✳ ❲❡ ❝♦♥✜r♠❡❞ ♦✉r ✜♥❞✐♥❣s ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t
r❡❝♦❣♥✐t✐♦♥ t❛s❦✳ ▼✐❝❡ ✐♥❥❡❝t❡❞ ✇✐t❤ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ❡①♣r❡ss❡❞ ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡
❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t✱ ✇❤✐❝❤ ✇❛s ♥♦t ♦❜s❡r✈❡❞ ✐♥ ❛❣❡❞ ❧✐tt❡r♠❛t❡s ✭❋✐❣✉r❡ ✷✶❆❀ ❆❖ ✫ ❚❍✮✳ ❚❤❡
t✇♦ ♦❜❥❡❝ts ✇❡r❡ ❡q✉❛❧❧② ❡①♣❧♦r❡❞ ✐♥ t❤❡ tr❛✐♥✐♥❣ s❡ss✐♦♥ ✭❋✐❣✉r❡ ✷✶❇❀ ❆❖ ✫ ❚❍✮✱ ❛♥❞ t♦t❛❧
❡①♣❧♦r❛t✐♦♥ t✐♠❡ ❞✐❞ ♥♦t ❞✐✛❡r ❜❡t✇❡❡♥ t❤❡ ❣r♦✉♣s ✭❋✐❣✉r❡ ✷✶❈❀ ❆❖ ✫ ❚❍✮✳ ❍❡♥❝❡✱ ✇❡ s❤♦✇
t❤❛t ❝♦❣♥✐t✐✈❡ ❞❡✜❝✐ts ✐♥ ❛❣❡❞ ♠✐❝❡ ❝❛♥ ❜❡ r❡s❝✉❡❞ ❜② r❡st♦r✐♥❣ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷✳
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❋✐❣✉r❡ ✶✽✿ ❆❣❡❞ ♠✐❝❡ ❛r❡ ✐♠♣❛✐r❡❞ ✐♥ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥✳
✭❆✮ ❨♦✉♥❣ ♠✐❝❡✱ ❜✉t ♥♦t ❛❣❡❞ ♠✐❝❡✱ s❤♦✇ ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t
✷✹ ❤♦✉rs ❛❢t❡r tr❛✐♥✐♥❣ ✭❛❣❡❞ ♥❂✶✷✱ ②♦✉♥❣ ♥❂✶✶✱ t✷✶❂✸✳✺✼✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞
st✉❞❡♥t✬s t✲t❡st✮✱ s✉❣❣❡st✐♥❣ ❛ ♠❡♠♦r② ❞❡✜❝✐t ✐♥ ❛❣❡❞ ♠✐❝❡✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❛t
✺✵✪ ✐♥❞✐❝❛t❡s t❤❡ ❝❤❛♥❝❡ ❧❡✈❡❧ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞ ♦❜❥❡❝t✳
✭❇✮ ❚♦t❛❧ ❡①♣❧♦r❛t✐♦♥ t✐♠❡ ♦❢ ❜♦t❤ ♦❜❥❡❝ts ❞✐❞ ♥♦t ❞✐✛❡r ✐♥ ②♦✉♥❣ ❛♥❞ ❛❣❡❞ ❛♥✐♠❛❧s✳
✭❈✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ t❤❛t ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥✱ ❜✉t
♥♦t ❉◆▼❚✶ ❛♥❞ ❉◆▼❚✸❜ ❡①♣r❡ss✐♦♥✱ ✐s ❞❡❝r❡❛s❡❞ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ❛❣❡❞
♠✐❝❡ ✭♥❂✻ ♣❡r ❣r♦✉♣❀ ❉◆▼❚✸❛✶✱ t✾❂✸✳✽✷✱ ❉◆▼❚✸❛✷✱ t✽❂✹✳✵✽✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲
t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❉✮ q❘❚✲P❈❘ ❛♥❛❧②s✐s r❡✈❡❛❧s t❤❛t ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✐s ♥♦t ✐♥❝r❡❛s❡❞ ❛t ✹
❤♦✉rs ❛❢t❡r tr❛✐♥✐♥❣ ✐♥ t❤❡ s♣❛t✐❛❧ ♦❜❥❡❝t r❡❝♦❣♥✐t✐♦♥ t❛s❦✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦
r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r ②♦✉♥❣ ♠✐❝❡ ✭❋✐❣✉r❡ ✶✵❈✮✳
◆♦t s✐❣♥✐✜❝❛♥t✱ ♥✳s✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✻✳✷✳✺ ●❧♦❜❛❧ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛r❡ ❛❧t❡r❡❞ ❜② ❉◆▼❚✸❛✷
◆❡①t✱ ✇❡ st✉❞✐❡❞ ✐❢ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛r❡ ❛✛❡❝t❡❞ ❜② ❝❤❛♥❣❡s ✐♥ ❉◆▼❚✸❛✷ ❧❡✈❡❧s✳
❲❡ ✐♥❢❡❝t❡❞ ❝❡❧❧s ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P ❛♥❞ r❆❆❱✲❍❆✲❉♥♠t✸❛✷ ❛♥❞ ✉s❡❞ r❆❆❱✲❯◆❈ ❛♥❞
r❆❆❱✲●❋P ❛s ❝♦♥tr♦❧✱ r❡s♣❡❝t✐✈❡❧②✳ ❚♦ ❞❡t❡❝t ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥✱ ✇❡ st❛✐♥❡❞ t❤❡ ❝❡❧❧s ❛❣❛✐♥st
✺✲♠❡t❤②❧❝②t♦s✐♥❡✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✷❆ ✭❆❖✮✱ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ✇❡r❡ ❞❡❝r❡❛s❡❞
✐♥ ❝❡❧❧s ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P✱ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ❝❡❧❧s✱ ✇❤❡r❡❛s ✐♥❢❡❝t✐♦♥ ✇✐t❤ r❆❆❱✲
❍❆✲❉◆▼❚✸❛✷ ❧❡❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ✭❋✐❣✉r❡ ✷✷❇❀ ❆❖✮✳ ❲❡ ❢✉rt❤❡r
❝♦♥✜r♠❡❞ ♦✉r ✜♥❞✐♥❣s ✐♥ ✈✐✈♦✱ ✐✳❡✳✱ ♠✐❝❡ ✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ❞✐s♣❧❛②❡❞ ❤✐❣❤❡r
❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❝♦♠♣❛r❡❞ t♦ r❆❆❱✲●❋P ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ❛♥✐♠❛❧s ✭❋✐❣✉r❡ ✷✷❈❀ ❚❍✮✳
❍❡♥❝❡✱ ❛❧t❡r✐♥❣ t❤❡ ❧❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷ ❝♦♥s❡❝✉t✐✈❡❧② ❝❤❛♥❣❡s t❤❡ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧✳
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✭❇✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♣✐❝t✉r❡s ♦❢ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ❛♥❞ r❆❆❱✲●❋P ❡①♣r❡ss✐♦♥ ✐♥
t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s t❤r❡❡ ✇❡❡❦s ❛❢t❡r st❡r❡♦t❛①✐❝ ❞❡❧✐✈❡r②✳ ❙❝❛❧❡ ❜❛r❂✶✵✵µ♠✳
✻✳✷✳✻ ▼❡♠♦r② r❡❧❡✈❛♥t ❣❡♥❡s ❛r❡ r❡❣✉❧❛t❡❞ ❜② ❉◆▼❚✸❛✷
❲❡ ♥❡①t ❛✐♠❡❞ ❛t ✐❞❡♥t✐❢②✐♥❣ ❣❡♥❡s t❤❛t ❛r❡ r❡❣✉❧❛t❡❞ ❜② ❉◆▼❚✸❛✷✳ ❲❡ ✐♥❢❡❝t❡❞ ❤✐♣♣♦❝❛♠♣❛❧
❝✉❧t✉r❡s ❡✐t❤❡r ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P ♦r r❆❆❱✲❯◆❈ ❛♥❞ ❝♦♠♣❛r❡❞ ♠❘◆❆ ❡①♣r❡ss✐♦♥ ♦❢ ❛
✈❛r✐❡t② ♦❢ ❣❡♥❡s ❦♥♦✇♥ t♦ ❜❡ ✐♥❞✉❝❡❞ ❜② s②♥❛♣t✐❝ ❛❝t✐✈✐t② ❛♥❞ ❧❡❛r♥✐♥❣✳ ■♥ ❝❡❧❧s t❤❛t ✇❡r❡
✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P✱ ❇❉◆❋ ❛♥❞ ❆❘❈✱ ♠❘◆❆ ❡①♣r❡ss✐♦♥ ✇❛s s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡s
✸ ❤♦✉rs ❛♥❞ ✻ ❤♦✉rs ❛❢t❡r st✐♠✉❧❛t✐♦♥ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❝❡❧❧s ✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲❯◆❈ ✭❋✐❣✉r❡
✷✸❆✲❇❀ ❚❍✱ ♣❛rt✐❛❧❧② ❞✉r✐♥❣ ▼❚✮✳ ❚❤❡r❡ ✇❛s ❛❧s♦ ❛ tr❡♥❞ t♦✇❛r❞s ❛ r❡❞✉❝t✐♦♥ ✐♥ r❡❧❛t✐✈❡
❡①♣r❡ss✐♦♥ ❧❡✈❡❧s ❢♦r ❝✲❋❖❙✱ ◆r✹❛✶ ❛♥❞ ❊●❘✶ ✭❋✐❣✉r❡ ✷✸❈✲❊❀ ❚❍✱ ♣❛rt✐❛❧❧② ❞✉r✐♥❣ ▼❚✮✱
❤♦✇❡✈❡r✱ t❤✐s ❡✛❡❝t ✇❛s ♥♦t s✐❣♥✐✜❝❛♥t ♠❛✐♥❧② ❞✉❡ t♦ ❤✐❣❤ ✈❛r✐❛❜✐❧✐t② ❜❡t✇❡❡♥ ✐♥❞❡♣❡♥❞❡♥t
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❝♦rr❡❧❛t✐♦♥✱ s✉❣❣❡st✐♥❣ t❤❛t r❡❣✉❧❛t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ✐s ❝r✉❝✐❛❧ ❢♦r ♣r♦♣❡r ❡①♣r❡ss✐♦♥ ♦❢ ♠❡♠♦r②
r❡❧❡✈❛♥t ❣❡♥❡s✳
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❜② ❉◆▼❚✸❛✷ ♦✈❡r❡①♣r❡ss✐♦♥✳
✭❆✮ ❆❣❡❞ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ s❤♦✇ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❢r❡❡③✐♥❣
❞✉r✐♥❣ t❤❡ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❈❙✱ ✉♥❧✐❦❡ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♦❢ ❛❣❡❞ ❝♦♥tr♦❧ ♠✐❝❡
✭♥❂✶✵ ♣❡r ❣r♦✉♣✱ ♣r❡❈❙ ✈s ❈❙✱ ❛❣❡❞ r❆❆❱✲❍❆✲❞♥♠t✸❛✷✱ t✾❂✺✳✻✼✱ ✯♣❁✵✳✵✺ ❜②
♣❛✐r❡❞ st✉❞❡♥t✬s t✲t❡st✮✳ ◆♦r♠❛❧✐③✐♥❣ ❢♦r ❣❡♥❡r❛❧✐③❡❞ ❢❡❛r ❢✉rt❤❡r r❡✈❡❛❧s ♠❡♠♦r②
✐♠♣r♦✈❡♠❡♥t ✐♥ ❛❣❡❞ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ✭❈❙✲♣r❡❈❙✱ t✶✹❂✷✳✺✶✱
✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❇✮ ❆❣❡❞ ♠✐❝❡ ✐♥❥❡❝t❡❞ ✇✐t❤ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ s❤♦✇❡❞ ❛ s❧✐❣❤t ✐♥❝r❡❛s❡ ✐♥
❢♦♦t✲s❤♦❝❦ r❡❛❝t✐✈✐t②✱ ❝♦♠♣❛r❡❞ t♦ ❛❣❡❞ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ♠✐❝❡ ✭t✶✺❂✷✳✹✱ ✯♣❁✵✳✵✺
❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
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✭❆✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ❞✐s♣❧❛② ❛ ♣r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❞✐s♣❧❛❝❡❞
♦❜❥❡❝t t❤❛t ✐s ♥♦t s❡❡♥ ✐♥ ❛❣❡❞ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ❧✐tt❡r♠❛t❡s ✭r❆❆❱✲●❋P ♥❂✶✹✱
r❆❆❱✲❍❆✲❉◆▼❚✸❛✷ ♥❂✶✸❀ t✷✺❂✷✳✸✽✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
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GFP HA
5meC 5meC
Hoechst Hoechst
❋✐❣✉r❡ ✷✷✿ ▲❡✈❡❧s ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡ ✇✐t❤ ❣❧♦❜❛❧
♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s✳
✭❆✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♣✐❝t✉r❡s ♦❢ ❝❡❧❧s st❛✐♥❡❞ ❛❣❛✐♥st ✺✲♠❡t❤②❧❝②t♦s✐♥❡ ✐♥ ❤✐♣♣♦❝❛♠✲
♣❛❧ ❝✉❧t✉r❡s ✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲❯◆❈ ❛♥❞ r❆❆❱✲s❤✸❛✷✲●❋P✳ ◗✉❛♥t✐✜❝❛t✐♦♥ ♦❢
✺✲♠❡t❤②❧❝②t♦s✐♥❡ ✐♥t❡♥s✐t② r❡✈❡❛❧❡❞ t❤❛t ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ✇❡r❡ ❞❡❝r❡❛s❡❞
✐♥ ❝❡❧❧s ❡①♣r❡ss✐♥❣ r❆❆❱✲s❤✸❛✷✲●❋P✱ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ❝❡❧❧s ✭♥❂✹ ♣❡r ❣r♦✉♣✱
t✻❂✷✷✳✶✹✱ ✯♣ ❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
✭❇✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♣✐❝t✉r❡s ♦❢ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ st❛✐♥✐♥❣ ✐♥ ❝✉❧t✉r❡❞ ❤✐♣♣♦❝❛♠♣❛❧
♥❡✉r♦♥s ❡①♣r❡ss✐♥❣ r❆❆❱✲●❋P ♦r r❆❆❱✲❍❆✲❉◆▼❚✸❛✷✳ ◗✉❛♥t✐✜❝❛t✐♦♥ ♦❢ ✺✲
♠❡t❤②❧❝②t♦s✐♥❡ ✐♥t❡♥s✐t② s❤♦✇❡❞ t❤❛t ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛r❡ ✐♥❝r❡❛s❡❞ ✐♥
❝❡❧❧s ♦✈❡r❡①♣r❡ss✐♥❣ ❉◆▼❚✸❛✷ ✭♥❂✺ ♣❡r ❣r♦✉♣✱ t✽❂✸✳✵✺✱ ✯♣ ❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞
st✉❞❡♥t✬s t✲t❡st✮✳
✭❈✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♣✐❝t✉r❡s ♦❢ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ st❛✐♥✐♥❣ ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲
●❋P ♦r r❆❆❱✲❍❆✲❉◆▼❚✸❛✷✳ ◗✉❛♥t✐✜❝❛t✐♦♥ ♦❢ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ ✐♥t❡♥s✐t② r❡✈❡❛❧s
❛♥ ✐♥❝r❡❛s❡ ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ✐♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲❍❆✲❉◆▼❚✸❛✷
✭♥❂✻✴❣r♦✉♣✱ t✶✵❂✹✳✶✷✱ ✯♣ ❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮✳
❙❝❛❧❡ ❜❛rs❂✶✵✵µ♠✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
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❋✐❣✉r❡ ✷✸✿ ❆ ❞❡❝r❡♠❡♥t ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡s✉❧ts ✐♥ ❞❡❝r❡❛s❡❞ ❡①♣r❡ss✐♦♥
❧❡✈❡❧s ♦❢ ♣❧❛st✐❝✐t②✲r❡❧❛t❡❞ ❣❡♥❡s✳
q❘❚✲P❈❘ ❛♥❛❧②s✐s s❤♦✇s r❡❧❛t✐✈❡ ❡①♣r❡ss✐♦♥ ❧❡✈❡❧s ♦❢ ♣✉t❛t✐✈❡ t❛r❣❡t ❣❡♥❡s ♦❢
❉◆▼❚✸❛✷✳
✭❆✮ ❍✐♣♣♦❝❛♠♣❛❧ ❝✉❧t✉r❡s t❤❛t ✇❡r❡ ✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P s❤♦✇❡❞
r❡❞✉❝❡❞ ❆❘❈ ❡①♣r❡ss✐♦♥ ❛t ✸ ❤♦✉rs ✭♥≥✼❀ t✶✷❂✹✳✽✸✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞
st✉❞❡♥t✬s t✲t❡st✮ ❛♥❞ ✻ ❤♦✉rs ✭t✶✷❂✹✳✼✶✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮
❛❢t❡r ❜✐❝✉❝✉❧❧✐♥❡ st✐♠✉❧❛t✐♦♥✱ ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ ✐♥❢❡❝t❡❞ ❝❡❧❧s✳
✭❇✮ ❇❉◆❋ ❡①♣r❡ss✐♦♥ ✇❛s ❛❧s♦ r❡❞✉❝❡❞ ✸ ❤♦✉rs ✭t✶✹❂✷✳✸✹✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞
st✉❞❡♥t✬s t✲t❡st✮ ❛♥❞ ✻ ❤♦✉rs ✭t✶✹❂✸✳✽✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲t❛✐❧❡❞ st✉❞❡♥t✬s t✲t❡st✮
❛❢t❡r ❜✐❝✉❝✉❧❧✐♥❡ tr❡❛t♠❡♥t ✐♥ ❝❡❧❧s ✐♥❢❡❝t❡❞ ✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P✳ ❚❤❡r❡ ✇❛s ❛❧s♦
❛ tr❡♥❞ ❢♦r ❛ r❡❞✉❝t✐♦♥ ✐♥ ✭❈✮ ◆r✹❛✶ ❡①♣r❡ss✐♦♥✱ ✭❉✮ ❝✲❋❖❙ ❡①♣r❡ss✐♦♥ ❛♥❞ ✭❊✮
❊●❘✶ ❡①♣rss✐♦♥ ❛t ✸ ❤♦✉rs ❛♥❞ ✻ ❤♦✉rs ❛❢t❡r ❜✐❝✉❝✉❧❧✐♥❡ tr❡❛t♠❡♥t ✐♥ ❝❡❧❧s ✐♥❢❡❝t❡❞
✇✐t❤ r❆❆❱✲s❤✸❛✷✲●❋P✳ ❍♦✇❡✈❡r✱ t❤✐s ❞✐✛❡r❡♥❝❡ ✇❛s st❛t✐st✐❝❛❧❧② ♥♦t s✐❣♥✐✜❝❛♥t✳
❉❛t❛ ❛r❡ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙✳❊✳▼✳
✺✺
✻✳✸ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥
■ ❛✐♠❡❞ ❛t ✐♥✈❡st✐❣❛t✐♥❣ ✐❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ♥♦t ♦♥❧② r❡❣✉❧❛t❡s ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❜✉t✱ ❢✉rt❤❡r✱
✇❤❡t❤❡r ✐t ✐s ❛❧s♦ r❡q✉✐r❡❞ ❢♦r ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳ ■ ✐♥❥❡❝t❡❞ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❛♥❞ r❆❆❱✲
♠❈ ✈✐❛ st❡r❡♦t❛①✐❝ ❞❡❧✐✈❡r② ✐♥t♦ t❤❡ ❞♦rs❛❧ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡ ✭❝✳❢✳ ❙❡❝t✐♦♥ ✻✳✶✳✶✳ ❢♦r ♠♦r❡
✐♥❢♦r♠❛t✐♦♥✮✳ ❆s ❡①♣r❡ss✐♦♥ ♦❢ r❆❆❱✲P❱✳◆▲❙✲♠❈ ✐♥t❡r❢❡r❡s ✇✐t❤ ❢❡❛r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✱ ■
♣❡r❢♦r♠❡❞ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❛❧r❡❛❞② t❤r❡❡ ❞❛②s ❛❢t❡r r❆❆❱ ✐♥❢❡❝t✐♦♥s✱ t♦ ❛ss✉r❡ t❤❛t
♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ♣❡r s❡ ✐s ♥♦t ❛✛❡❝t❡❞✳ ❆❢t❡r t❤r❡❡ ❞❛②s✱ r❆❆❱ ❡①♣r❡ss✐♦♥ ✐s st✐❧❧ t♦♦ ❧♦✇
t♦ ❜❡ ❢✉♥❝t✐♦♥❛❧❧② r❡❧❡✈❛♥t ✭♦✇♥ ✉♥♣✉❜❧✐s❤❡❞ ♦❜s❡r✈❛t✐♦♥s✮✳ ❚✇♦ ✇❡❡❦s ❛❢t❡r ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱
♠✐❝❡ ✉♥❞❡r✇❡♥t ❢❡❛r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ❛♥❞✱ ✷✹ ❤♦✉rs ❧❛t❡r✱ ❢❡❛r ❡①t✐♥❝t✐♦♥ t❡st✐♥❣ ✭❋✐❣✉r❡
✷✹❆✮✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✹❇✱ ❜♦t❤ ❣r♦✉♣s ❞✐s♣❧❛②❡❞ s✐♠✐❧❛r ❢r❡❡③✐♥❣ ❞✉r✐♥❣ t❤❡ ✐♥✐t✐❛❧
✺ ♠✐♥✉t❡s ♦❢ t❤❡ ❡①t✐♥❝t✐♦♥ s❡ss✐♦♥✳ ❚❤✐s ❝♦♥✜r♠s t❤❛t ❜♦t❤ ❣r♦✉♣s✱ ✐♥❞❡❡❞✱ ❝♦♥s♦❧✐❞❛t❡❞ t❤❡
❢❡❛r ♠❡♠♦r②✳ ❍♦✇❡✈❡r✱ t❤❡ ❢r❡❡③✐♥❣ r❛t❡ ✇✐t❤✐♥ ❡❛❝❤ ❣r♦✉♣ ✈❛r✐❡s ❣r❡❛t❧② ✐♥ t❤✐s ♣r♦t♦❝♦❧✱
❛♥❞ ❢✉rt❤❡r✱ ✐t ✇❛s r❡♣♦rt❡❞ t❤❛t t❤❡r❡ ❛r❡ ❤✐❣❤ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❞②♥❛♠✐❝s ♦❢ ❢❡❛r ❡①t✐♥❝t✐♦♥
❜❡t✇❡❡♥ ❡①♣❡r✐♠❡♥ts ✭❙❛♥❛♥❜❡♥❡s✐ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❆❣✐s✲❇❛❧❜♦❛ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❇❛❤❛r✐✲❏❛✈❛♥ ❡t ❛❧✳
✭✷✵✶✷✮✮✳ ❚❤✉s✱ ■ ♥♦r♠❛❧✐s❡❞ t❤❡ ❞❛t❛ t♦ t❤❡ ✜rst ✜✈❡ ♠✐♥✉t❡s ♦❢ ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ ✐♥ ♦r❞❡r
t♦ r❡❞✉❝❡ ✈❛r✐❛❜✐❧✐t② ❛♥❞ ♠❛✐♥t❛✐♥ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❝♦♠♣❛r❡ ✐♥❞❡♣❡♥❞❡♥t ❡①♣❡r✐♠❡♥ts✳ ❚❤❡r❡
✇❛s ♥♦ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❡①t✐♥❝t✐♦♥ ❧❡❛r♥✐♥❣ ❝✉r✈❡ ❜❡t✇❡❡♥ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙
❛♥❞ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ❛♥✐♠❛❧s✱ s✉❣❣❡st✐♥❣ t❤❛t ❜♦t❤ ❣r♦✉♣s ❛r❡ ❛❜❧❡ t♦ ❡①t✐♥❣✉✐s❤ ❢❡❛r ♠❡♠♦r②
✭❋✐❣✉r❡ ✷✹❈✮✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ♠✐❝❡ ✇❡r❡ t❡st❡❞ ✷✹ ❤♦✉rs ❛❢t❡r ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣✱ ♦♥❧②
♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲♠❈ ❞✐s♣❧❛②❡❞ ❢r❡❡③✐♥❣ t❤❛t ✇❛s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ tr❛✐♥✐♥❣
s❡ss✐♦♥✳ ▼✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ s❤♦✇❡❞ ✐♥❝r❡❛s❡❞ ❢r❡❡③✐♥❣ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✜♥❛❧
✜✈❡ ♠✐♥✉t❡s ♦❢ t❤❡ ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣✳ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s r❡✈❡❛❧❡❞ t❤❛t r❆❆❱✲P❱✳◆▲❙✲♠❈✲
❡①♣r❡ss✐♥❣ ♠✐❝❡ s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❢r❡❡③✐♥❣ ❧❡✈❡❧s t❤❛♥ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ♠✐❝❡ ✐♥ t❤❡
t❡st✐♥❣ s❡ss✐♦♥✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ♠✐❝❡ ✐♥❥❡❝t❡❞ ✇✐t❤ r❆❆❱✲P❱✳◆▲❙✲♠❈ ❞✐❞ ♥♦t ❝♦♥s♦❧✐❞❛t❡ ❢❡❛r
♠❡♠♦r② ❡①t✐♥❝t✐♦♥ ✭❋✐❣✉r❡ ✷✹❉✮✳ ❚❤✉s✱ ■ ❤❛✈❡ s❤♦✇♥ ❤❡r❡ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s r❡q✉✐r❡❞ t♦
❢♦r♠ ♥❡✇ ♠❡♠♦r✐❡s✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❝❛♥ ✐♥t❡r❢❡r❡ ✇✐t❤ ❡①✐st✐♥❣ ♠❡♠♦r✐❡s✱ ❛s ✐t ✐s t❤❡ ❝❛s❡ ✐♥ ❢❡❛r
♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳
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❋✐❣✉r❡ ✷✹✿ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ❡ss❡♥t✐❛❧ ❢♦r ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳
✭❆✮ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦❝❡❞✉r❡✳
✭❇✮ ❇♦t❤ ❣r♦✉♣s s❤♦✇ ❝♦♠♣❛r❛❜❧❡ ❢r❡❡③✐♥❣ r❛t❡ ❞✉r✐♥❣ t❤❡ ✜rst ✺ ♠✐♥✉t❡s ♦❢
❡①t✐♥❝t✐♦♥✱ ❛ss✉r✐♥❣ t❤❛t ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✐s ♥♦t ✐♠♣❛✐r❡❞ ✐♥ r❆❆❱✲P❱✳◆▲❙✲
♠❈ ❡①♣r❡ss✐♥❣ ♠✐❝❡ ✇❤❡♥ tr❛✐♥❡❞ t❤r❡❡ ❞❛②s ❛❢t❡r st❡r❡♦t❛①✐❝ s✉r❣❡r②✳
✭❈✮ ▼✐❝❡ ❡①♣r❡ss✐♥❣ ❡✐t❤❡r r❆❆❱✲P❱✳◆▲❙✲♠❈ ♦r r❆❆❱✲♠❈✳◆▲❙ ❡①t✐♥❣✉✐s❤ ❢❡❛r
✐♥ ✇✐t❤✐♥✲s❡ss✐♦♥ tr❛✐♥✐♥❣✳
✭❉✮ ❲❤❡♥ t❡st❡❞ ✷✹ ❤♦✉rs ❧❛t❡r✱ ♠✐❝❡ ❡①♣r❡ss✐♥❣ r❆❆❱✲P❱✳◆▲❙✲♠❈ s❤♦✇ ❛♥
✐♥❝r❡❛s❡ ✐♥ ❢r❡❡③✐♥❣ r❛t❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①t✐♥❝t✐♦♥ tr❛✐♥✐♥❣ s❡ss✐♦♥✱
s✐❣♥✐✜❝❛♥t❧② ❞❡✈✐❛t✐♥❣ ❢r♦♠ ❝♦♥tr♦❧ ✐♥❥❡❝t❡❞ ❛♥✐♠❛❧s ✭r❆❆❱✲♠❈✳◆▲❙ ♥❂✾✱ r❆❆❱✲
P❱✳◆▲❙✲♠❈ ♥❂✶✶✱ t✶✽❂✷✳✷✼✾✱ ✯♣❁✵✳✵✺ ❜② t✇♦✲♣❛✐r❡❞ st✉❞❡♥t✬s t✲t❡st✮✳ ❉❛t❛ ❛r❡
s❤♦✇♥ ❛s ♠❡❛♥ ± ❙❊▼✳
✺✼
✼ ❉✐s❝✉ss✐♦♥
✼✳✶ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡ ❝♦♥tr♦❧s ♥❡✉✲
r♦♥❛❧ ♣❡r♠✐ss✐✈❡♥❡ss ❢♦r ❧♦♥❣✲t❡r♠ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
■♥ t❤✐s st✉❞②✱ ■ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ❤✐♣♣♦❝❛♠♣❛❧ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r②
❢♦r♠❛t✐♦♥✳ ❋✉rt❤❡r✱ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡ ♠❛✐♥t❡♥❛♥❝❡ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ tr❡❡ ✐s ✐♠♣♦rt❛♥t
✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ♥❡✉r♦♥ ♣❡r♠✐ss✐✈❡ t♦ ✐♥❢♦r♠❛t✐♦♥ ♣r♦❝❡ss✐♥❣✱ r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r②
❝♦♥s♦❧✐❞❛t✐♦♥✳ ❱❊●❋❉ ❝❛♥ r❡s❝✉❡ ❛❧t❡r❛t✐♦♥s ♦❢ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✱ r❡s✉❧t✐♥❣ ❢r♦♠ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ ❞②sr❡❣✉❧❛t✐♦♥ ❛♥❞✱ ❢✉rt❤❡r✱ ❝❛♥ r❡st♦r❡ ❝♦❣♥✐t✐✈❡ ❛❜✐❧✐t✐❡s✳
✼✳✶✳✶ ▼❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ r❡q✉✐r❡s ❤✐♣♣♦❝❛♠♣❛❧ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣
◆✉❝❧❡❛r ❝❛❧❝✐✉♠ ❤❛s ♣r❡✈✐♦✉s❧② ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳ ■♥
t❤❡s❡ st✉❞✐❡s ❈❛▼❇P ✇❛s ❡✐t❤❡r ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❢♦r❡❜r❛✐♥ ♦❢ ♠✐❝❡ ✭▲✐♠❜ä❝❦✲❙t♦❦✐♥ ❡t ❛❧✳
✭✷✵✵✹✮✮ ♦r ✐♥ t❤❡ ♠✉s❤r♦♦♠ ❜♦❞✐❡s ♦❢ ✢✐❡s ✭❲❡✐s❧♦❣❡❧ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ❈❛▼❇P ❜✐♥❞s t♦
❛♥❞ ✐♥❛❝t✐✈❛t❡s t❤❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ ❝♦♠♣❧❡① ❛♥❞ ❤❡♥❝❡ ✐♥❤✐❜✐ts ❈❘❊❇✲❞❡♣❡♥❞❡♥t
tr❛♥s❝r✐♣t✐♦♥✳ ❍♦✇❡✈❡r✱ ❛ r❡❝❡♥t ♣❛♣❡r s✉❣❣❡sts t❤❛t ❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥ s❤✉tt❧❡s ❢r♦♠
t❤❡ ❝②t♦♣❧❛s♠ t♦ t❤❡ ♥✉❝❧❡✉s ✈✐❛ t❤❡ ❝❛rr✐❡r γ❈❛▼❑■■ ❛♥❞ ✱t❤✉s✱ ✐♠♣❛❝ts ❈❘❊❇✲♠❡❞✐❛t❡❞
tr❛♥s❝r✐♣t✐♦♥ ✭▼❛ ❡t ❛❧✳ ✭✷✵✶✹✮✮✱ r❛✐s✐♥❣ t❤❡ q✉❡st✐♦♥ ✐❢ ❢r❡❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s r❡q✉✐r❡❞ ❢♦r
♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❍❡r❡✱ ■ s❤♦✇ t❤❛t ❢r❡❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ ✉s✐♥❣ t❤❡ ♥✉❝❧❡❛r✲t❛r❣❡t❡❞ ❝❛❧❝✐✉♠
❜✐♥❞✐♥❣ ♣r♦t❡✐♥ P❛r✈❛❧❜✉♠✐♥✱ ✐s ✐♠♣♦rt❛♥t ❢♦r ♣r♦♣❡r ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s
♦❢ ♠✐❝❡✳ ❇② ❜✉✛❡r✐♥❣ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ P❛r✈❛❧❜✉♠✐♥ ❛❧t❡rs t❤❡ ❢✉♥❝t✐♦♥❛❧ ♣r♦♣❡rt✐❡s ♦❢
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ tr❛♥s✐❡♥ts✱ ✇❤✐❝❤ ✐♥ t✉r♥✱ ✇✐❧❧ ♣r♦❜❛❜❧② ❛❧s♦ ❛❧t❡r t❤❡ ❛❝t✐✈✐t② ♦❢ t❤❡ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥✲❞❡♣❡♥❞❡♥t ❦✐♥❛s❡s ❈❛▼❑■■ ❛♥❞ ❈❛▼❑■❱✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❛❝t✐✈✐t② ♦❢
tr❛♥s❝r✐♣t✐♦♥❛❧ r❡❣✉❧❛t♦rs ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ s✉❝❤ ❛s ❈❘❊❇ ✭❍❛r❞✐♥❣❤❛♠ ❡t ❛❧✳
✭✷✵✵✶✮✱ ❑✐❞❛ ❡t ❛❧✳ ✭✷✵✵✷✮✱ P✐tt❡♥❣❡r ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❑✐❞❛ ❛♥❞ ❙❡r✐t❛ ✭✷✵✶✹✮✮✱ ❈❇P ✭❈❤❛✇❧❛ ❡t ❛❧✳
✭✶✾✾✽✮✱ ❖✐❦❡ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❆❧❛r❝ó♥ ❡t ❛❧✳ ✭✷✵✵✹✮✮ ❛♥❞ ▼❡❈P✷ ✭▼♦r❡tt✐ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❩❤♦✉
❡t ❛❧✳ ✭✷✵✵✻✮✱ ❇✉❝❤t❤❛❧ ❡t ❛❧✳ ✭✷✵✶✷✮✮ ❛♥❞ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ♣❧❛st✐❝✐t②✲r❡❧❛t❡❞ ❣❡♥❡s s✉❝❤ ❛s ❆❘❈
✭▲②❢♦r❞ ❡t ❛❧✳ ✭✶✾✾✺✮✱●✉③♦✇s❦✐ ❡t ❛❧✳ ✭✷✵✵✵✮✱ P❧❛t❤ ❡t ❛❧✳ ✭✷✵✵✻✮✮✱ ❉◆▼❚✸❛✷ ✭❖❧✐✈❡✐r❛ ❡t ❛❧✳
✭✷✵✶✷✮✮ ❛♥❞ ◆r✹❛✶ ✭▼❛❧❦❛♥✐ ❛♥❞ ❘♦s❡♥ ✭✷✵✵✵✮✱ ✈♦♥ ❍❡rt③❡♥ ❛♥❞ ●✐❡s❡ ✭✷✵✵✺✮✮ t❤❛t ❛r❡ r❡❧❡✈❛♥t
❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✱ ❛r❡ ❧✐❦❡❧② t♦ ❜❡ ❝❤❛♥❣❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲❞❡♣❡♥❞❡♥t
❣❡♥❡ ❱❊●❋❉ ❛♥❞ t❤❡ tr❛♥s❝r✐♣t✐♦♥❛❧ r❡❣✉❧❛t♦r ❍❉❆❈✹ ❤❛✈❡ ♣r❡✈✐♦✉s❧② ❜❡❡♥ ✐❞❡♥t✐✜❡❞ t♦ ❜❡
✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❜✉✛❡r P❛r✈❛❧❜✉♠✐♥ ✭❙❝❤❧✉♠♠ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ✉♥♣✉❜❧✐s❤❡❞ ❞❛t❛✮
❛♥❞✱ ❢✉rt❤❡r✱ ❛r❡ ❦♥♦✇♥ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❑✐♠
✺✽
❡t ❛❧✳ ✭✷✵✶✷✮✱❙❛♥❞♦ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❋✐t③s✐♠♦♥s ❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ❚❤✉s✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ❛ ❝r✐t✐❝❛❧
♠❡❞✐❛t♦r ❢♦r ❛ ✈❛r✐❡t② ♦❢ ♠❡♠♦r②✲r❡❧❛t❡❞ ♣r♦❝❡ss❡s✱ ❛♥❞ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t ✐t✱ ✐♥❞❡❡❞✱ ❛✛❡❝ts
♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✇❤❡♥ ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ♦❢ ♠✐❝❡✳
✼✳✶✳✷ ❱❊●❋❉ r❡✈❡rs❡s ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s t❤❛t ❛r❡ ❞✉❡ t♦
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❞②sr❡❣✉❧❛t✐♦♥
❆s ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ♥♦t ♦♥❧② ❝♦♥tr♦❧s ❛❝t✐✈✐t②✲r❡❧❛t❡❞ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❜✉t ❛❧s♦ r❡❣✉✲
❧❛t❡s ❣❡♥❡s ❞✉r✐♥❣ ❜❛s❛❧ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✱ str✉❝t✉r❛❧ ❢❡❛t✉r❡s ♦❢ ♥❡✉r♦♥s ❛r❡ ❛❧s♦ ✐♥✢✉❡♥❝❡❞ ❜②
♥✉❝❧❡❛r ❝❛❧❝✐✉♠✳ ❚❤❡ str✉❝t✉r❛❧ ❢❡❛t✉r❡s ❛r❡ ✐♠♣♦rt❛♥t ❛s t❤❡② ❦❡❡♣ t❤❡ ♥❡✉r♦♥ ✐♥ ❛ ♣❡r♠✐ss✐✈❡
st❛t❡ t❤❛t ❛❧❧♦✇s ✐t t♦ ♣r♦❝❡ss ✐♥❢♦r♠❛t✐♦♥ ✇❤✐❝❤ ✐s r❡❧❡✈❛♥t ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳ ❚❤♦✉❣❤
✐t ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t❤❛t ✐♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❜② ❈❛▼❇P ❝❛✉s❡s ♠♦r♣❤♦❧♦❣✐❝❛❧
❛❧t❡r❛t✐♦♥s ✐♥ ✈✐tr♦ ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ▲✐ ❡t ❛❧✳ ✭✷✵✶✹❛✮✮ ❛♥❞ ❢✉rt❤❡r ❝❛✉s❡s ♠❡♠♦r② ❞❡✜❝✐ts
❛♥❞ ✐♥✢✉❡♥❝❡s ❈❘❊❇ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛♥❞ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ✐♥ ✈✐✈♦ ✭▲✐♠❜ä❝❦✲❙t♦❦✐♥ ❡t ❛❧✳
✭✷✵✵✹✮✮✱ ❛ ❞✐r❡❝t ❧✐♥❦ ❜❡t✇❡❡♥ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱ ♥❡✉r♦♥❛❧ ♠♦r♣❤♦❧♦❣② ❛♥❞ ♠❡♠♦r② ❢♦r♠❛t✐♦♥
❤❛s ♥♦t ②❡t ❜❡❡♥ r❡♣♦rt❡❞ t♦ ♠② ❦♥♦✇❧❡❞❣❡✳ ❍❡r❡✱ ■ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ✐♥❤✐❜✐t✐♦♥ ♦❢ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ ✈✐❛ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ✐ts ❜✉✛❡r ❝❛♣❛❝✐t② ❧❡❛❞s t♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ❞❡♥❞r✐t✐❝ ❛r❜♦r✐s❛t✐♦♥ ✐♥
✈✐✈♦✱ ✇❤✐❝❤ ✐♥ t✉r♥✱ r❡s✉❧ts ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ❞❡✜❝✐ts✳ ❚❤❡s❡ ❝❤❛♥❣❡s
❛r❡ s♣❡❝✐✜❝ t♦ ▲❚▼ ❛s ♥♦ ✐♠♣❛✐r♠❡♥ts ✐♥ ❙❚▼ ❝♦✉❧❞ ❜❡ ❞❡t❡❝t❡❞✳ ❍❡♥❝❡✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠
✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ♠❛✐♥t❡♥❛♥❝❡ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✱ ❛♥❞ t❤✐s ❞❡♥❞r✐t✐❝ ❛r❝❤✐t❡❝t✉r❡
✐s r❡q✉✐r❡❞ t♦ ❢♦r♠ ❧♦♥❣✲t❡r♠ ❛❞❛♣t❛t✐♦♥✳ ❆ ♣♦ss✐❜❧❡ ❝❛♥❞✐❞❛t❡ t❤❛t ♠❡❞✐❛t❡s t❤❡s❡ ❝❤❛♥❣❡s
❞✉r✐♥❣ ❜❛s❛❧ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ✐s ❱❊●❋❉✳ ❙✉♣♣r❡ss✐♥❣ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❧❡❛❞s t♦ ❧♦✇❡r
❧❡✈❡❧s ♦❢ ❱❊●❋❉ ✐♥ ❜❛s❛❧ ❝♦♥❞✐t✐♦♥s ✭▼❛✉❝❡r✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥
✐♥ ♦✉r ❧❛❜ t❤❛t ❧♦✇❡r✐♥❣ t❤❡ ❧❡✈❡❧s ♦❢ ❱❊●❋❉ ✉s✐♥❣ ❛ s❤❘◆❆ ❛❣❛✐♥st ❱❊●❋❉ ❞✐r❡❝t❧② ❝❛✉s❡s
♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s ❛♥❞ ♠❡♠♦r② ❞❡✜❝✐ts✳ ■♥❞❡❡❞✱ ■ ❝♦✉❧❞ s❤♦✇ t❤❛t✱ ✐♥ ♠✐❝❡ ✇✐t❤ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ ❞②sr❡❣✉❧❛t✐♦♥✱ s✉♣♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❱❊●❋❉ ❝❛♥ ♣❛rt✐❛❧❧② r❡s❝✉❡ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤✳ ❆
❢✉❧❧ r❡s❝✉❡ ✐♥ ❞❡♥❞r✐t✐❝ ❧❡♥❣t❤ ❛♥❞ ❞❡♥❞r✐t✐❝ ❝♦♠♣❧❡①✐t② ✇❛s ♥♦t ❛❝❤✐❡✈❡❞✳ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠
❢✉rt❤❡r r❡❣✉❧❛t❡ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ♦t❤❡r ❣❡♥❡s ✐♠♣♦rt❛♥t ❢♦r ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✱ s✉❝❤ ❛s
▼❡❈P✷ ✭❈❤❛♣❧❡❛✉ ❡t ❛❧✳ ✭✷✵✵✾✮✮✱ ❛♥❞ t❤❡r❡❢♦r❡ ♦t❤❡r ❣❡♥❡s ♣r❡s✉♠❛❜❧② ❝♦♥tr✐❜✉t❡ t♦ t❤❡
♦❜s❡r✈❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s✳ ❚❤❡ ❢❛❝t t❤❛t ■ ❝♦✉❧❞ ✐♥❞✉❝❡ ❛ r❡s❝✉❡ ✐♥ ▲❚▼ ❢♦r♠❛t✐♦♥ ❜②
♦✈❡r❡①♣r❡ss✐♥❣ ❱❊●❋❉ str♦♥❣❧② s✉♣♣♦rts t❤❡ ✐❞❡❛ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r②
❢♦r♠❛t✐♦♥ ✈✐❛ r❡❣✉❧❛t✐♥❣ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ❣❡♥❡s ♥❡❝❡ss❛r② ❢♦r ♠❛✐♥t❛✐♥✐♥❣ t❤❡ str✉❝t✉r❛❧
❢❡❛t✉r❡s ♦❢ ♥❡✉r♦♥s✳
■♥ ❝♦♥❝❧✉s✐♦♥✱ ■ s❤♦✇ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✐s ✐♠♣♦rt❛♥t ❢♦r
❝♦♥t❡①t✉❛❧ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❦♥♦✇♥ ❧✐♥❦ ♦❢ ✐ts r❡❣✉❧❛t♦r② r♦❧❡ ✐♥ ❛❝t✐✈✐t②✲
✐♥❞✉❝❡❞ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ❛♥❞ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✱ ❤❡r❡✱ ■ s❤♦✇ t❤❛t ❞✉r✐♥❣ ❜❛s❛❧ ♥❡✉r♦♥❛❧
✺✾
❛❝t✐✈✐t②✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐s ♥❡❝❡ss❛r② t♦ ♠❛✐♥t❛✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣②✳ ❚❤❡s❡ ♠♦r♣❤♦❧♦❣✐❝❛❧
❢❡❛t✉r❡s ❛r❡ ✐♠♣♦rt❛♥t t♦ ❦❡❡♣ t❤❡ ♥❡✉r♦♥s ✐♥ ❛ ♣❡r♠✐ss✐✈❡ st❛t❡ t♦ ❝♦♥s♦❧✐❞❛t❡ ♠❡♠♦r②✳ ■
♣r♦✈✐❞❡ ❱❊●❋❉ ❛s ❛ ❦❡② ♣❧❛②❡r ❜❡t✇❡❡♥ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣✱ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛♥❞
♠❡♠♦r② ❢♦r♠❛t✐♦♥✳
✼✳✶✳✸ ❖✉t❧♦♦❦
■♥ t❤✐s st✉❞②✱ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ❧❡❛❞s t♦ ❛❧t❡r❛t✐♦♥s
✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛♥❞ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❚❤❡s❡ ❛❧t❡r❛t✐♦♥s ❝❛♥ ❜❡ r❡s❝✉❡❞ ❜② ♦✈❡r✲
❡①♣r❡ss✐♦♥ ♦❢ ❱❊●❋❉✳ ❆s ♣r❡✈✐♦✉s❧② ♥♦t❡❞✱ ❛♠♦♥❣ ♦t❤❡rs✱ ❘❡tt s②♥❞r♦♠❡ ❛♥❞ ❆❧③❤❡✐♠❡r✬s
❞✐s❡❛s❡ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ t♦ s❤♦✇ ❛❧t❡r❛t✐♦♥s ✐♥ ❞❡♥❞r✐t✐❝ ♠♦r♣❤♦❧♦❣② ❛♥❞ ❛r❡ ❢✉rt❤❡r ❦♥♦✇♥
t♦ ❛✛❡❝t ❝♦❣♥✐t✐♦♥ ✭❆r♠str♦♥❣ ❡t ❛❧✳ ✭✶✾✾✺✮✱ ❈❤❛♣❧❡❛✉ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❑❛✉❢♠❛♥♥ ❛♥❞ ▼♦s❡r
✭✷✵✵✵✮✱ ❑✉❧❦❛r♥✐ ❛♥❞ ❋✐r❡st❡✐♥ ✭✷✵✶✷✮✮✳ ❚❤✉s✱ r❡❣✉❧❛t✐♥❣ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛♥❞ ❱❊●❋❉ ♠❛②
s❡r✈❡ ❛s ❛ t❤❡r❛♣❡✉t✐❝ str❛t❡❣② ✐♥ t❤❡s❡ ❞✐s❡❛s❡s✳ ❇❡s✐❞❡s ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲r❡❣✉❧❛t❡❞ ❱❊●❋❉✱ ✐t
✐s ❧✐❦❡❧② t❤❛t ♦t❤❡r ❣❡♥❡s r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❝♦♥tr✐❜✉t❡ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❧t❡r❛t✐♦♥s
❛♥❞ ♠❡♠♦r② ❞❡✜❝✐ts✳ ■t ✐s ❦♥♦✇♥ ❢r♦♠ ✐♥ ✈✐tr♦ st✉❞✐❡s t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛❧s♦ r❡❣✉❧❛t❡s s♣✐♥❡
♠♦r♣❤♦❧♦❣②✳ ❍♦✇❡✈❡r✱ ❱❊●❋❉ s✉♣♣❧❡♠❡♥t❛t✐♦♥ ❞♦❡s ♥♦t r❡s❝✉❡ ❞❡♥❞r✐t✐❝ s♣✐♥❡ ✐♠♣❛✐r♠❡♥ts✳
❙♣✐♥❡ ♠♦r♣❤♦❧♦❣② ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t♦ ❜❡ ❡ss❡♥t✐❛❧ ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❆♠♦♥❣ t❤❡
❣❡♥❡s t❤❛t ❛r❡ r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛♥❞ ❢✉rt❤❡r ❝♦♥tr♦❧ s♣✐♥❡ ♠♦r♣❤♦❧♦❣② ❛r❡ ❈✶q
❛♥❞ ❆❘❈✳ ❲❤❡t❤❡r ♠❡♠♦r② ❞❡✜❝✐ts ✇❤✐❝❤ ❛r❡ ❝❛✉s❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ✐♥❤✐❜✐t✐♦♥ ✐♥ t❤❡
❤✐♣♣♦❝❛♠♣✉s ❝❛♥ ❜❡ ❧✐♥❦❡❞ t♦ ❞②sr❡❣✉❧❛t✐♦♥ ♦❢ t❤❡s❡ ❣❡♥❡s r❡♠❛✐♥s t♦ ❜❡ ✐♥✈❡st✐❣❛t❡❞✳
✻✵
✼✳✷ ❘❡s❝✉❡ ♦❢ ❛❣✐♥❣✲❛ss♦❝✐❛t❡❞ ❞❡❝❧✐♥❡ ✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡✲
st♦r❡s ❝♦❣♥✐t✐✈❡ ❛❜✐❧✐t✐❡s
❚❤✐s st✉❞② s❤♦✇s t❤❛t ❉◆▼❚✸❛✷ ✐s r❡❣✉❧❛t❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ❛♥❞ t❤❛t t❤❡ ❧❡✈❡❧ ♦❢
❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❝♦rr❡❧❛t❡s ✇✐t❤ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡✳ ❆❣❡❞ ♠✐❝❡ s❤♦✇ r❡❞✉❝❡❞ ❡①♣r❡ss✐♦♥
♦❢ ❉◆▼❚✸❛✷✱ ❛♥❞ ❛❣❡✲❞❡♣❡♥❞❡♥t ❧❡❛r♥✐♥❣ ❞❡✜❝✐ts ❛r❡ r❡s❝✉❡❞ ✇❤❡♥ ❡①♣r❡ss✐♦♥ ♦❢ ❉◆▼❚✸❛✷
✐s r❡st♦r❡❞✳
✼✳✷✳✶ ❆❝t✐✈✐t②✲r❡❣✉❧❛t❡❞ ❉◆▼❚✸❛✷ ✐s r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥
■♥ t❤✐s st✉❞②✱ ✇❡ ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ r♦❧❡ ♦❢ ❉◆▼❚✸❛✷ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❚❤♦✉❣❤ ✐t
❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② ❜❡❡♥ s❤♦✇♥ t❤❛t ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✸❜ ❛r❡ ✉♣r❡❣✉❧❛t❡❞ ❛❢t❡r ❝♦♥t❡①t✉❛❧
❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ✭▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✮✱ t❤❡ t✇♦ ✐s♦❢♦r♠s ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷ ✇❡r❡
♥♦t ✐♥✈❡st✐❣❛t❡❞ ✐♥❞❡♣❡♥❞❡♥t ❢r♦♠ ❡❛❝❤ ♦t❤❡r✳ ❍❡r❡✱ ✇❡ ❞❡♠♦♥str❛t❡ t❤❛t ♦♥❧② ❉◆▼❚✸❛✷✱
♥♦t ❉◆▼❚✸❛✶✱ ✐s r♦❜✉st❧② r❡❣✉❧❛t❡❞ ❜② ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ✐♥ ✈✐tr♦ ❛♥❞ ✐♥ ✈✐✈♦✳ ❚❤❡ ♦t❤❡r
❉◆▼❚s ✇❡r❡ ♥♦t ✐♥❞✉❝❡❞ ❛❢t❡r ❛♥② ♦❢ t❤❡ st✐♠✉❧❛t✐♦♥ ♠❡t❤♦❞s ❛♣♣❧✐❡❞✱ ❤♦✇❡✈❡r✱ ❉◆▼❚✸❜
✇❛s r❡❞✉❝❡❞ ❛❢t❡r ❜✐❝✉❝✉❧❧✐♥❡ tr❡❛t♠❡♥t ✐♥ ✈✐tr♦ ❛♥❞ ❛❢t❡r ❦❛✐♥✐❝ ❛❝✐❞ ❛❞♠✐♥✐str❛t✐♦♥ ✐♥ ✈✐✈♦✳
❚❤✐s ✐♥ ❝♦♥tr❛st t♦ t❤❡ st✉❞② ♦❢ ▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✱ ✐♥ ✇❤✐❝❤ t❤❡② ❢♦✉♥❞ ❉◆▼❚✸❜
t♦ ❜❡ ✐♥❞✉❝❡❞ ❛❢t❡r ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣✱ s✉❣❣❡st✐♥❣ t❤❛t ❉◆▼❚✸❜ ✐s ❞✐✛❡r❡♥t✐❛❧❧②
r❡❣✉❧❛t❡❞✱ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ st✐♠✉❧❛t✐♦♥ ♠❡t❤♦❞ ❛♣♣❧✐❡❞✳ ■♥❞✉❝t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥
✉♣♦♥ ❛❝t✐✈✐t② ✇❛s r❡❣✉❧❛t❡❞ ✐♥ ❛ ◆▼❉❆ r❡❝❡♣t♦r ❛♥❞ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✲❞❡♣❡♥❞❡♥t ♠❛♥♥❡r✳ ●✐✈❡♥
t❤❛t ❉◆▼❚✸❛✷ ✐s ❤✐❣❤❧② r❡❣✉❧❛t❡❞ ❜② ❛❝t✐✈✐t②✱ ✇❡ ♥❡①t ✐♥✈❡st✐❣❛t❡❞ ✐❢ ✐t ✐s ❛❧s♦ r❡❧❡✈❛♥t ❢♦r
♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ Pr❡✈✐♦✉s st✉❞✐❡s ❤❛✈❡ ✐♥❥❡❝t❡❞ ❉◆▼❚ ✐♥❤✐❜✐t♦rs ✭▼✐❧❧❡r ❛♥❞ ❙✇❡❛tt ✭✷✵✵✼✮✮
♦r ✉s❡❞ ❝♦♥❞✐t✐♦♥❛❧ ❑❖ ♠✐❝❡ ❢♦r ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✶ ✐♥ t❤❡ ❢♦r❡❜r❛✐♥ t♦ st✉❞② t❤❡ r♦❧❡ ♦❢
❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✭❋❡♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ■♥❥❡❝t✐♦♥s ♦❢ ❉◆▼❚ ✐♥❤✐❜✐t♦rs ✐♥t♦
t❤❡ ❤✐♣♣♦❝❛♠♣✉s r❡s✉❧t❡❞ ✐♥ ❝♦♥t❡①t✉❛❧ ❢❡❛r ❝♦♥❞✐t✐♦♥✐♥❣ ❞❡✜❝✐ts✱ ❤♦✇❡✈❡r✱ ❉◆▼❚ ✐♥❤✐❜✐t♦rs
❝❛♥♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ❛ s♣❡❝✐✜❝ ❉◆▼❚✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❛♣♣❧✐❡❞ ❛ ✈✐r❛❧✲♠❡❞✐❛t❡❞
❛♣♣r♦❛❝❤ ✉s✐♥❣ ❛ s❤❘◆❆ t❤❛t s♣❡❝✐✜❝❛❧❧② ❞♦✇♥r❡❣✉❧❛t❡s ❉◆▼❚✸❛✷ ♠❘◆❆ ❡①♣r❡ss✐♦♥✳ ❲❡
❝♦✉❧❞ s❤♦✇ t❤❛t ❤✐♣♣♦❝❛♠♣❛❧ r❡❞✉❝t✐♦♥ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❝❛✉s❡s ❞❡✜❝✐ts ✐♥ s♣❛t✐❛❧
❛♥❞ ❢❡❛r ♠❡♠♦r②✳ ❍❡♥❝❡✱ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ t❤❡ ❛❝t✐✈✐t②✲✐♥❞✉❝❡❞ ❉◆▼❚✸❛✷ ❛❧♦♥❡ ❝❛♥ ❝❛✉s❡
❜❡❤❛✈✐♦✉r❛❧ ❛❧t❡r❛t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ❉◆▼❚✸❛✷ ✐s ✐♠♣♦rt❛♥t ❢♦r ▲❚▼✱ ❤♦✇❡✈❡r✱ ✐t ✐s ♥♦t
r❡q✉✐r❡❞ ❢♦r ❙❚▼✳ ❙❚▼ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ tr❛♥s❝r✐♣t✐♦♥ ✭❇❛r♦♥❞❡s ❛♥❞ ❈♦❤❡♥ ✭✶✾✻✽✮✱▼♦♥t❛r♦❧♦
❡t ❛❧✳ ✭✶✾✽✻✮✱ ❑❛t❝❤❡ ❡t ❛❧✳ ✭✷✵✶✸✮✮✱ s✉❣❣❡st✐♥❣ t❤❛t ❉◆▼❚✸❛✷ ✐s ✐♥✈♦❧✈❡❞ ✐♥ tr❛♥s❝r✐♣t✐♦♥✲
❞❡♣❡♥❞❡♥t ♣r♦❝❡ss❡s✱ ✇❤✐❝❤ ♣❛r❛❧❧❡❧s ✐ts ❦♥♦✇♥ ❢✉♥❝t✐♦♥ ❛s ❛ tr❛♥s❝r✐♣t✐♦♥❛❧ r❡❣✉❧❛t♦r ✭❚✉r❡❦✲
P❧❡✇❛ ❛♥❞ ❏❛❣♦❞③✐❄s❦✐ ✭✷✵✵✺✮✮✳ ❲❡ ❝❛♥♥♦t r✉❧❡ ♦✉t t❤❛t ♦t❤❡r ❉◆▼❚s ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡
❧❡❛r♥✐♥❣ ❞❡✜❝✐ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ st✉❞② t❤❛t ✉s❡❞ ❉◆▼❚ ✐♥❤✐❜✐t♦rs✳ ❍♦✇❡✈❡r✱ ❣✐✈❡♥ t❤❛t ♦♥❧②
✻✶
❉◆▼❚✸❛✷ ✐s ✐♥❞✉❝❡❞ ✉♣♦♥ ❧❡❛r♥✐♥❣ ❛♥❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ✐ts ✉♥✐q✉❡ ❢❡❛t✉r❡ ♦❢ ❛ss♦❝✐❛t✐♥❣
✇✐t❤ tr❛♥s❝r✐♣t✐♦♥❛❧❧② ❛❝t✐✈❡ ❡✉❝❤r♦♠❛t✐♥ ✭❈❤❡♥ ❡t ❛❧✳ ✭✷✵✵✷✮✮✱ ❉◆▼❚✸❛✷ ❞❡♠♦♥str❛t❡s ❦❡②
❝❤❛r❛❝t❡r✐st✐❝s ♦❢ s❡r✈✐♥❣ ❛s ❛♥ ✐♥t❡❣r❛❧ ♣❧❛②❡r ✐♥ r❡❣✉❧❛t✐♥❣ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ■t ✐s ♥♦t❡✇♦rt❤②
t❤❛t ❢♦r❡❜r❛✐♥ ❞❡❧❡t✐♦♥ ♦❢ ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✶✱ ❜✉t ♥♦t ❉◆▼❚✸❛ ♦r ❉◆▼❚✶ ❛❧♦♥❡✱ r❡s✉❧t❡❞
✐♥ s♣❛t✐❛❧ ❛♥❞ ❢❡❛r ♠❡♠♦r② ❞❡✜❝✐ts ✭❋❡♥❣ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❉◆▼❚✸❛ ❛♥❞
❉◆▼❚✶ ❛r❡ r❡❞✉♥❞❛♥t ✐♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❦♥♦❝❦♦✉t ♦❢ ❉◆▼❚✸❛ ❛✛❡❝ts
t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ❜♦t❤ ✐s♦❢♦r♠s✱ ❉◆▼❚✸❛✶ ❛♥❞ ❉◆▼❚✸❛✷✳ ❚❤✐s s❡❡♠s t♦ ❜❡ ✐♥ ❝♦♥tr❛st
t♦ ♦✉r ✜♥❞✐♥❣ t❤❛t ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ❛❧♦♥❡ ❝❛♥ ✐♥t❡r❢❡r❡ ✇✐t❤ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✱
✇❤❡r❡❛s ✐♥ t❤❡ ♦t❤❡r st✉❞②✱ ❞❡❧❡t✐♦♥ ♦❢ ❜♦t❤ ❉◆▼❚✸❛ ❞✐❞ ♥♦t ❛✛❡❝t ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳
❍♦✇❡✈❡r✱ ❞✐✛❡r❡♥❝❡s ✐♥ ♣r♦t♦❝♦❧ ❛♥❞ ❜r❛✐♥ r❡❣✐♦♥ ♠❛② ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❞✐s❝r❡♣❛♥❝② ♦❢ t❤❡
✜♥❞✐♥❣s✳ ▼♦r❡♦✈❡r✱ ❛♥♦t❤❡r st✉❞② r❡❝❡♥t❧② ✐♥✈❡st✐❣❛t❡❞ t❤❡ r♦❧❡ ♦❢ ❉◆▼❚✸❛ ❛♥❞ ❉◆▼❚✶ ❛♥❞
❞❡♠♦♥str❛t❡❞ t❤❛t ✐♥❤✐❜✐t✐♦♥ ♦❢ ❉◆▼❚✸❛ ❡①♣r❡ss✐♦♥ ❛❧♦♥❡ ❝❛♥ ❝❛✉s❡ ♠❡♠♦r② ❞❡✜❝✐ts ✭▼♦rr✐s
❡t ❛❧✳ ✭✷✵✶✹✮✮✳ ❈♦♥❝❧✉s✐✈❡❧②✱ ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❉◆▼❚✸❛✷ ✐s r♦❜✉st❧② r❡❣✉❧❛t❡❞ ❜② ♥❡✉r♦♥❛❧
❛❝t✐✈✐t② ❛♥❞ t❤❛t ❉◆▼❚✸❛✷ ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ tr❛♥s❝r✐♣t✐♦♥✲❞❡♣❡♥❞❡♥t ▲❚▼✳
✼✳✷✳✷ ❆❣❡✲❞❡♣❡♥❞❡♥t ❝♦❣♥✐t✐✈❡ ❞❡❝❧✐♥❡ ❝❛♥ ❜❡ r❡s❝✉❡❞ ❜② r❡st♦r✐♥❣ ❉◆▼❚✸❛✷
❡①♣r❡ss✐♦♥
❈❤❛♥❣❡s ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ✭❙✐❡❣♠✉♥❞ ❡t ❛❧✳ ✭✷✵✵✼✮✮ ❛♥❞ ✐♥ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛t t❤❡
❆❘❈ ♣r♦♠♦t❡r ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❝♦✐♥❝✐❞❡ ✇✐t❤ ❛❣✐♥❣ ✭P❡♥♥❡r ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❚❤♦✉❣❤ ✐t
❤❛s ❜❡❡♥ r❡♣♦rt❡❞ ❜❡❢♦r❡❤❛♥❞ t❤❛t ✺✲♠❡t❤②❧❝②t♦s✐♥❡ ❧❡✈❡❧s ❞❡❝r❡❛s❡ ✇✐t❤ ♥♦r♠❛❧ ❛❣✐♥❣ ✐♥ ♠✐❝❡
✭❲✐❧s♦♥ ❡t ❛❧✳ ✭✶✾✽✼✮✮✱ t♦ ♦✉r ❜❡st ❦♥♦✇❧❡❞❣❡✱ ✇❡ ❛r❡ t❤❡ ✜rst t♦ ❞❡♠♦♥str❛t❡ t❤❛t ❉◆▼❚
❡①♣r❡ss✐♦♥ ✐♥ t❤❡ ❜r❛✐♥ ✐s ❞❡❝r❡❛s❡❞ ✐♥ ❛❣❡❞ ❛♥✐♠❛❧s✳ ❍❡r❡✱ ✇❡ s❤♦✇ t❤❛t ❡①♣r❡ss✐♦♥ ♦❢ ❜♦t❤
❉◆▼❚✸❛ ✐s♦❢♦r♠s ❞❡❝r❡❛s❡s ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s✱ ❛♥❞ ❛❞❞✐t✐♦♥❛❧❧②✱ ❧❡❛r♥✐♥❣✲✐♥❞✉❝❡❞ ✐♥❝r❡❛s❡s
✐♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ t❤❛t ♦❝❝✉r ✐♥ ②♦✉♥❣ ♠✐❝❡ ❛r❡ ♥♦t ♦❜s❡r✈❡❞ ✐♥ ❛❣❡❞ ♠✐❝❡✳ ❍❡r❡✱ ✇❡
❞❡♠♦♥str❛t❡ ❢♦r t❤❡ ✜rst t✐♠❡ t❤❛t ❛❣✐♥❣✲❛ss♦❝✐❛t❡❞ ♠❡♠♦r② ❞❡❝❧✐♥❡ ❝❛♥ ❜❡ r❡s❝✉❡❞ ❜② r❡st♦r✐♥❣
t❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷✳ ❲❡ ❞♦ ♥♦t ❡①❝❧✉❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t ♦t❤❡r ❉◆▼❚s ❝♦♥tr✐❜✉t❡ ♣❛rt✐❛❧❧②
t♦ t❤❡ ❛❣❡✲❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❞❡❝❧✐♥❡✳ ❍♦✇❡✈❡r✱ ✐♥ ②♦✉♥❣ ♠✐❝❡✱ ✇❡ ❝♦✉❧❞ ♦♥❧② ♦❜s❡r✈❡ ❛♥
✐♥❝r❡❛s❡ ♦❢ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✉♣♦♥ ❧❡❛r♥✐♥❣✱ ✇❤✐❝❤ s✉❣❣❡sts t❤❛t ❛ ❞❡❝r❡♠❡♥t ♦❢ ❉◆▼❚✸❛✷
❧❡✈❡❧s ✐s t❤❡ ♠❛✐♥ ✉♥❞❡r❧②✐♥❣ ❝❛✉s❡ ❢♦r ❛❧t❡r❛t✐♦♥s ✐♥ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❣❡✲
❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❧♦ss✳
■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ❝❤❛♥❣❡s ✐♥ ❤✐st♦♥❡ ❛❝❡t②❧❛t✐♦♥✱ ❛♥♦t❤❡r ❡♣✐❣❡♥❡t✐❝ ♠❛r❦❡r✱ ❤❛✈❡
♣r❡✈✐♦✉s❧② ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ❛❣✐♥❣✳ ❆❝❡t②❧❛t✐♦♥ ❛t ❤✐st♦♥❡ ✹ ❧②s✐♥❡ ✶✷ ✇❛s ❛❧t❡r❡❞ ✐♥ ❛❣❡❞ ♠✐❝❡✱
♣r❡✈❡♥t✐♥❣ ❧❡❛r♥✐♥❣✲✐♥❞✉❝❡❞ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛♥❞✱ ✐♥ t✉r♥✱ ❧❡❛❞✐♥❣ t♦ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts✳
■♥❥❡❝t✐♦♥ ♦❢ ❛♥ ❍❉❆❈ ✐♥❤✐❜✐t♦r r❡✈❡rs❡❞ ❝❤❛♥❣❡s ✐♥ ❛❝❡t②❧❛t✐♦♥ ❛t ❍✹❑✶✷ ❛♥❞ ❢✉rt❤❡r r❡st♦r❡❞
t❤❡ ✐♥❞✉❝t✐♦♥ ♦❢ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛❢t❡r ❧❡❛r♥✐♥❣✱ ✇❤✐❝❤ r❡s✉❧t❡❞ ✐♥ ❛♠❡❧✐♦r❛t✐♦♥ ♦❢ ❝♦❣♥✐t✐✈❡
✻✷
❢✉♥❝t✐♦♥s ✭P❡♥♥❡r ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❚♦❣❡t❤❡r ✇✐t❤ ♦✉r ❞❛t❛✱ t❤✐s s❤♦✇s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡♣✐❣❡♥❡t✐❝
♣r♦❝❡ss❡s ✐♥ ❛❣✐♥❣✲❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❞❡❝❧✐♥❡✳ ❍♦✇❡✈❡r✱ ✇❡ ❛r❡ ♦♥❧② ❛t t❤❡ ✈❡r② ❜❡❣✐♥♥✐♥❣ ♦❢
✉♥❞❡rst❛♥❞✐♥❣ t❤❡ r♦❧❡ ♦❢ ❡♣✐❣❡♥❡t✐❝ ♠❡❝❤❛♥✐s♠s ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✐♥ ❤❡❛❧t❤ ❛♥❞ ❞✐s❡❛s❡✳
✼✳✷✳✸ ❚❤❡ ❧❡✈❡❧ ♦❢ ❉◆▼❚✸❛✷ ❛✛❡❝ts ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❛♥❞ ❡①♣r❡ss✐♦♥ ♦❢
t❛r❣❡t ❣❡♥❡s
❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❤❛s ❜❡❡♥ ✐♠♣❧✐❝❛t❡❞ ✐♥ r❡❣✉❧❛t✐♥❣ ❣❡♥❡ ❡①♣r❡ss✐♦♥✳ ❍❡r❡✱ ✇❡ s❤♦✇ t❤❛t ❣❧♦❜❛❧
♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥✳ ❋✉rt❤❡r✱ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢
t❛r❣❡t ❣❡♥❡s ✇❛s r❡❞✉❝❡❞ ✇❤❡♥ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ ✇❛s ✐♥❤✐❜✐t❡❞✳ ❚❤❡s❡ r❡s✉❧ts s❡❡♠ t♦
❜❡ ❝♦✉♥t❡r✐♥t✉✐t✐✈❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❤✐st♦r✐❝❛❧ ✈✐❡✇ t❤❛t ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❝❛✉s❡s ❣❡♥❡
r❡♣r❡ss✐♦♥✳ ❚❤❡ r❡❝❡♥t ✜♥❞✐♥❣✱ t❤❛t ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❝❛♥ ❛❝t✐✈❛t❡ ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥ ✈✐❛
r❡❝r✉✐t♠❡♥t ♦❢ ❈❘❊❇ ❜② ▼❇❉ ♣r♦t❡✐♥s ✭❈❤❛❤r♦✉r ❡t ❛❧✳ ✭✷✵✵✽✮✮✱ ♠❛② ♣r♦✈✐❞❡ ❛♥ ❡①♣❧❛♥❛t✐♦♥
❢♦r ♦✉r r❡s✉❧ts ✐♥ ✇❤✐❝❤ ✐♥❝r❡❛s❡s ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ❝♦rr❡❧❛t❡❞ ✇✐t❤ ✐♠♣r♦✈❡❞ ♠❡♠♦r②
❝♦♥s♦❧✐❞❛t✐♦♥✳ ■♥ ❝♦♥tr❛st✱ ❉◆▼❚✸❛✷ ✐♥❤✐❜✐t✐♦♥ ❝❛✉s❡❞ ❛ ❞❡❝r❡❛s❡ ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s
t❤❛t ❝♦✐♥❝✐❞❡❞ ✇✐t❤ r❡❞✉❝❡❞ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ♦❢ ❉◆▼❚✸❛✷ t❛r❣❡t ❣❡♥❡s ❛♥❞✱ ❝♦♥s❡❝✉t✐✈❡❧②✱
✐♠♣❛✐r❡❞ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡✳ ❆♥ ❛❧t❡r♥❛t✐✈❡ ❡①♣❧❛♥❛t✐♦♥ ✐s t❤❛t ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐♥ ❣❡♥❡
❜♦❞✐❡s ❝❛♥ ✐♥❝r❡❛s❡ tr❛♥s❝r✐♣t✐♦♥ ✭❲✉ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❆♥♦t❤❡r ♣♦ss✐❜✐❧✐t② ♠❛② ❛❧s♦ ❜❡ t❤❛t ❛♥
✐♥❝r❡❛s❡ ✐♥ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❞❡❝r❡❛s❡s t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ♠❡♠♦r② s✉♣♣r❡ss♦r ❣❡♥❡s✱ t❤❡r❡❢♦r❡
✐♠♣r♦✈✐♥❣ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛ ❞❡❝r❡❛s❡ ✐♥ ❣❧♦❜❛❧ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s ♠❛②
✐♥❞✉❝❡ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ❣❡♥❡s t❤❛t s❡r✈❡ ❛s ✬✐♥t❡r♠❡❞✐❛t❡s✬ ❛♥❞ ♥❡❣❛t✐✈❡❧② r❡❣✉❧❛t❡ ♠❡♠♦r②
r❡❧❡✈❛♥t ❣❡♥❡s ❛♥❞✱ ❤❡♥❝❡✱ ✐♠♣❛✐r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✳ ❚❤❡ ✜♥❞✐♥❣ t❤❛t t❤❡ ❡①♣r❡ss✐♦♥ ♦❢
❉◆▼❚✸❛✷ t❛r❣❡t ❣❡♥❡s ✐s r❡❞✉❝❡❞ ✇❤❡♥ ❉◆▼❚✸❛✷ ✐s ✐♥❤✐❜✐t❡❞ ♠❛② ❢✉rt❤❡r ❜❡ ❡①♣❧❛✐♥❡❞ ❜②
t❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t ❉◆▼❚s ❝❛♥ ❛❧s♦ ❞❡♠❡t❤②❧❛t❡ ❉◆❆ t❤r♦✉❣❤ ❞❡❛♠✐♥❛t✐♦♥ ✭▼ét✐✈✐❡r ❡t ❛❧✳
✭✷✵✵✽✮✮✳
■♥t❡r❡st✐♥❣❧②✱ ❛♠♦♥❣ t❤❡ t❛r❣❡t ❣❡♥❡s r❡❣✉❧❛t❡❞ ❜② ❉◆▼❚✸❛✷ ✐s ❆❘❈✳ ❆❘❈ ✐s ❦♥♦✇♥ t♦ ❜❡
✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❢♦r♠❛t✐♦♥ ✭P❧❛t❤ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❈③❡r♥✐❛✇s❦✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮ ❛♥❞ ❤❛s ❜❡❡♥
r❡♣♦rt❡❞ t♦ r❡❣✉❧❛t❡ s♣✐♥❡ ❞❡♥s✐t② ❛♥❞ ♠♦r♣❤♦❧♦❣② ✭P❡❡❜❧❡s ❡t ❛❧✳ ✭✷✵✶✵✮✮✳ ❚❤✉s✱ ♦♥❡ ♦❢ t❤❡
♣♦ss✐❜❧❡ ♠❡❝❤❛♥✐s♠s ✉♥❞❡r❧②✐♥❣ ❉◆▼❚✸❛✷✬s ✐♠♣❛❝t ♦♥ ♠❡♠♦r② ✐s t❤❡ r❡❣✉❧❛t✐♦♥ ♦❢ ❆❘❈
❡①♣r❡ss✐♦♥ ❛♥❞✱ s✉❜s❡q✉❡♥t❧②✱ ❛❧t❡r✐♥❣ s♣✐♥❡ ❞❡♥s✐t② ❛♥❞ ♠♦r♣❤♦❧♦❣②✳ ■♥ s✉♠♠❛r②✱ ♦✉r st✉❞②
s✉♣♣♦rts t❤❡ ✐❞❡❛ t❤❛t ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❞♦❡s ♥♦t ❡①❝❧✉s✐✈❡❧② ❧❡❛❞ t♦ ❣❡♥❡ r❡♣r❡ss✐♦♥ ❜✉t ❝❛♥
❛❧s♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❣❡♥❡ ❛❝t✐✈❛t✐♦♥✳ ❚❤❡ ❡①❛❝t ♠❡❝❤❛♥✐s♠s ❞r✐✈✐♥❣ ♠♦❞✉❧❛t✐♦♥s ✐♥ ❣❧♦❜❛❧
♠❡t❤②❧❛t✐♦♥ ✇❤✐❝❤ ❝❛♥ ✐♥✢✉❡♥❝❡ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛♥❞✱ ❤❡♥❝❡✱ ❧❡❛❞ t♦ ♠❡♠♦r② ✐♠♣❛✐r♠❡♥ts ❛♥❞
✐♠♣r♦✈❡♠❡♥ts r❡♠❛✐♥ t♦ ❜❡ ✉♥❝♦✈❡r❡❞✳
✻✸
✼✳✷✳✹ ❖✉t❧♦♦❦
■♥ t❤✐s st✉❞②✱ ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❛❣❡✲❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❞❡❝❧✐♥❡ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❞❡❝r❡❛s❡
✐♥ ❉◆▼❚✸❛✷ ❧❡✈❡❧ ❛♥❞ t❤❛t ❛ r❡s❝✉❡ ✐♥ t❤❡ ❉◆▼❚✸❛✷ ❡①♣r❡ss✐♦♥ r❡st♦r❡s ❝♦❣♥✐t✐✈❡ ❛❜✐❧✐t✐❡s✳
❲✐t❤ r❡s♣❡❝t t♦ t❤❡ ❛❣✐♥❣ ♣♦♣✉❧❛t✐♦♥ ✇♦r❧❞✇✐❞❡✱ t❤✐s ✐s ❛♥ ✐♠♣♦rt❛♥t ✜♥❞✐♥❣✱ ❛s t❤❡r❛♣❡✉t✐❝
✐♥t❡r✈❡♥t✐♦♥ ❜❡❝♦♠❡s ♠♦r❡ ❛♥❞ ♠♦r❡ ✐♠♣♦rt❛♥t✳ ❋✉rt❤❡r✱ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠♦❧❡❝✉❧❛r
♠❡❝❤❛♥✐s♠s ✐♥ ❛❣❡✲❞❡♣❡♥❞❡♥t ♠❡♠♦r② ❞❡❝❧✐♥❡ ♠❛② ❤❡❧♣ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♠❡❝❤❛♥✐s♠s ✐♥
♣❛t❤♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥s t❤❛t ❛r❡ ♠♦r❡ ❝♦♠♣❧❡①✱ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡✳ ❆❧t❡r❛t✐♦♥s
✐♥ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐♥ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ♣❛t✐❡♥ts ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ s❡✈❡r❛❧
st✉❞✐❡s✳ ■♥ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ♣❛t✐❡♥ts✱ ✐t ✇❛s s❤♦✇♥ t❤❛t ❉◆❆ ✇❛s ❤②♣♦♠❡t❤②❧❛t❡❞ ✐♥ t❤❡
❡♥t❤♦r✐❤♥❛❧ ❝♦rt❡① ✭▼❛str♦❡♥✐ ❡t ❛❧✳ ✭✷✵✶✵✮✱ ❈❤♦✉❧✐❛r❛s ❡t ❛❧✳ ✭✷✵✶✸✮✮ ❛♥❞ ❤②♣❡r♠❡t❤②❧❛t❡❞
✐♥ t❤❡ P❋❈ ✭❇♦❧❧❛t✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❤✐st♦♥❡ ❤②♣♦✲ ❛♥❞ ❤②♣❡r❛❝❡t②❧❛t✐♦♥ ❤❛✈❡
❜♦t❤ ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ ♠♦✉s❡ ♠♦❞❡❧s ♦❢ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ✭❑✐♠ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❘♦✉❛✉① ❡t ❛❧✳
✭✷✵✵✸✮✮✱ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❍❉❆❈✷ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ♣❛t✐❡♥ts ✭●rä✛
❡t ❛❧✳ ✭✷✵✶✷✮✮✳ ❲❡ ❛r❡ ❥✉st ❜❡❣✐♥♥✐♥❣ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ ❡♣✐❣❡♥❡t✐❝ ❞②sr❡❣✉❧❛t✐♦♥ ♦♥
❞✐s❡❛s❡s✱ ❤♦✇❡✈❡r✱ t❤❡s❡ ✜rst ✜♥❞✐♥❣s ✐♥❞✐❝❛t❡ t❤❛t ❡♣✐❣❡♥❡t✐❝ ♠❡❝❤❛♥✐s♠s ♣r❡s✉♠❛❜❧② ♣❧❛② ❛
❝❡♥tr❛❧ r♦❧❡ ✐♥ ❞✐s❡❛s❡s ❛✛❡❝t✐♥❣ ❝♦❣♥✐t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ t❛r❣❡t✐♥❣ ♦❢ ❡♣✐❣❡♥❡t✐❝
♣r♦❝❡ss❡s ♠❛② r❡♣r❡s❡♥t ❛ ❢✉t✉r❡ t♦♦❧ t♦ tr❡❛t ❛❣❡✲ ❛♥❞ ❞✐s❡❛s❡✲r❡❧❛t❡❞ ❝♦❣♥✐t✐✈❡ ✐♠♣❛✐r♠❡♥ts✳
✻✹
✼✳✸ ◆✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛♥❞ ♣r♦t❡✐♥ s②♥t❤❡s✐s ✐♥ ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ❤❛s ❜❡❡♥
s❤♦✇♥ ✐♥ ♠❛♥② st✉❞✐❡s ❛♥❞ ✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞✳ ❲❤❡t❤❡r ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛♥❞ ♣r♦t❡✐♥ s②♥t❤❡s✐s
❛r❡ ❛❧s♦ r❡q✉✐r❡❞ ❢♦r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥ ✐s✱ ❤♦✇❡✈❡r✱ ❧❡ss ❝❧❡❛r✳ ❙t✉❞✐❡s ❤❛✈❡ s❤♦✇♥ t❤❛t ❢❡❛r
❡①t✐♥❝t✐♦♥ ✐♥✈♦❧✈❡s ❈❘❊❇✴❈❇P✲♠❡❞✐❛t❡❞ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ✐♥ t❤❡ ❛♠②❣❞❛❧❛ ❛♥❞ ✐♥ t❤❡ P❋❈✱
❜✉t ♥♦t ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✭▼❛♠✐②❛ ❡t ❛❧✳ ✭✷✵✵✾✮✮✱ ✇❤❡r❡❛s ♦t❤❡r st✉❞✐❡s ❤❛✈❡ s❤♦✇♥ t❤❛t
❢❡❛r ❡①t✐♥❝t✐♦♥ ❞♦❡s ♥♦t r❡q✉✐r❡ t❤❡ tr❛♥s❝r✐♣t✐♦♥ ♦❢ ♥❡✇ ♠❘◆❆ ✭▲✐♥ ❡t ❛❧✳ ✭✷✵✵✸✮✮ ✐♥ t❤❡
❛♠②❣❞❛❧❛✱ ❜✉t✱ r❛t❤❡r✱ r❡q✉✐r❡s tr❛♥s❝r✐♣t✐♦♥ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✭❱✐❛♥♥❛ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ❍❡r❡✱
■ s❤♦✇ t❤❛t ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ s✐❣♥❛❧❧✐♥❣ ✐s ✐♠♣♦rt❛♥t ❢♦r ❝♦♥t❡①t✉❛❧ ❢❡❛r
❡①t✐♥❝t✐♦♥✳ ❆s ❈❘❊❇ ✐s ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ t❛r❣❡ts ♦❢ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ❛♥❞ ❈❘❊❇ r❡❣✉❧❛t❡s ❣❡♥❡s
❦♥♦✇♥ t♦ ❜❡ ✐♠♣♦rt❛♥t ❢♦r ❢❡❛r ❡①t✐♥❝t✐♦♥✱ s✉❝❤ ❛s ❇❉◆❋✱ ♦♥❡ ♣♦ss✐❜✐❧✐t② ♦♥ ❤♦✇ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ ✐♠♣❛❝ts ❢❡❛r ❡①t✐♥❝t✐♦♥ ✐s t❤r♦✉❣❤ ✐ts ❡✛❡❝t ♦♥ ❈❘❊❇ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❛♥❞✱ ❤❡♥❝❡✱
♦♥ ❈❘❊❇✴❈❇P✲❞❡♣❡♥❞❡♥t ❣❡♥❡ ❡①♣r❡ss✐♦♥✳ ❚❤♦✉❣❤ t❤✐s s❡❡♠s t♦ ❜❡ ✐♥ ❝♦♥tr❛❞✐❝t✐♦♥ t♦
t❤❡ st✉❞② ♦❢ ▼❛♠✐②❛ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ♦♥❡ ♠✉st ♥♦t❡ t❤❛t ✐t ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② r❡♣♦rt❡❞ t❤❛t
♣❡r❢♦r♠❛♥❝❡ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥ t♦ ❝❡rt❛✐♥ ♠♦❧❡❝✉❧❛r ♠❛♥✐♣✉❧❛t✐♦♥s ♠❛② ❜❡ r❡str✐❝t❡❞ t♦ ✈❡r②
s♣❡❝✐✜❝ ❡①t✐♥❝t✐♦♥ ♣❛r❛♠❡t❡rs ✭▲❛tt❛❧ ❡t ❛❧✳ ✭✷✵✵✻✮✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ♠✐❣❤t ❝♦♥tr♦❧
❡①t✐♥❝t✐♦♥ t❤r♦✉❣❤ ✐ts r❡❣✉❧❛t✐♦♥ ♦❢ ❡♣✐❣❡♥❡t✐❝ ❢❛❝t♦rs ✇❤✐❝❤ ❛r❡ ❦♥♦✇♥ t♦ ❢✉rt❤❡r r❡❣✉❧❛t❡ ❣❡♥❡
tr❛♥s❝r✐♣t✐♦♥✱ s✉❝❤ ❛s ❍❉❆❈s ❛♥❞ ❉◆▼❚s✳ ■t ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② s❤♦✇♥ ✐♥ ♦✉r ❧❛❜ t❤❛t
♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s t❤❡ s❤✉tt❧✐♥❣ ❢r♦♠ t❤❡ ♥✉❝❧❡✉s t♦ t❤❡ ❝②t♦♣❧❛s♠ ♦❢ ❛ s✉❜s❡t ♦❢ ❝❧❛ss
■■ ❍❉❆❈s ✭❙❝❤❧✉♠♠ ❡t ❛❧✳ ✭✷✵✶✸✮✮ ❛♥❞✱ ❤❡♥❝❡✱ ♠❡❞✐❛t❡s ❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✳ ❋✉rt❤❡r ✇❡ ❤❛✈❡
s❤♦✇♥ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❉◆▼❚✸❛✷✱ ✇❤✐❝❤ ✐♥ t✉r♥ r❡❣✉❧❛t❡s ❣❡♥❡s s✉❝❤ ❛s ❇❉◆❋
✭❖❧✐✈❡✐r❛ ❡t ❛❧✳ ✭✷✵✶✷✮✮✱ t❤❛t ♣❧❛② ❛ r♦❧❡ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥✳ ❚❤❛t ❍❉❆❈s ❤❛✈❡ ❛♥ ❡✛❡❝t ♦♥
❢❡❛r ❡①t✐♥❝t✐♦♥ ❤❛s ❜❡❡♥ ❡❧✉❝✐❞❛t❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❇r❡❞② ❡t ❛❧✳ ✭✷✵✵✼✮✱▲❛tt❛❧ ❡t ❛❧✳ ✭✷✵✵✼✮✱
❇❛❤❛r✐✲❏❛✈❛♥ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ■t③❤❛❦ ❡t ❛❧✳ ✭✷✵✶✷✮✮✱ ❛♥❞ ❢✉rt❤❡r✱ ❛ ❧✐♥❦ ❜❡t✇❡❡♥ t❤❡ ❧❡✈❡❧ ♦❢ ❉◆❆
♠❡t❤②❧❛t✐♦♥ ❛♥❞ ❢❡❛r ❡①t✐♥❝t✐♦♥ ❤❛s ❛❧s♦ ❜❡❡♥ r❡♣♦rt❡❞ ✭❇❛❦❡r✲❆♥❞r❡s❡♥ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ❘✉❞❡♥❦♦
❡t ❛❧✳ ✭✷✵✶✸✮✱ ▲✐ ❡t ❛❧✳ ✭✷✵✶✹❜✮✮✳
✼✳✸✳✶ ❖✉t❧♦♦❦
■♥ t❤✐s st✉❞②✱ ■ ❤❛✈❡ s❤♦✇♥ t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❢❡❛r ♠❡♠♦r② ❡①t✐♥❝t✐♦♥✳ ❚❤✐s
✐s ❛♥ ✐♠♣♦rt❛♥t ✜♥❞✐♥❣✱ ❛s ❢❡❛r ❡①t✐♥❝t✐♦♥ ✐s ❛ ♠♦❞❡❧ ❢♦r P❚❙❉✳ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❞r✉❣s
t❤❛t ❝❛♥ r❡❣✉❧❛t❡ ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ ♠❛② ♣r♦✈✐❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ r❡❞✉❝❡ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢
❞❡✈❡❧♦♣✐♥❣ P❚❙❉ ♦r ❡✈❡♥ ❤❡❧♣ t♦ tr❡❛t P❚❙❉✳ ❍♦✇ ❡①❛❝t❧② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s ❢❡❛r
❡①t✐♥❝t✐♦♥ r❡♠❛✐♥s t♦ ❜❡ ✐♥✈❡st✐❣❛t❡❞✳ ❆ ♣♦ss✐❜❧❡ ♠❡❝❤❛♥✐s♠ ✐s t❤r♦✉❣❤ t❤❡ r❡❣✉❧❛t✐♦♥ ♦❢
❣❡♥❡ tr❛♥s❝r✐♣t✐♦♥✳ ❍♦✇❡✈❡r✱ ❛s ■ ❤❛✈❡ s❤♦✇♥ ✐♥ t❤✐s t❤❡s✐s t❤❛t ♥✉❝❧❡❛r ❝❛❧❝✐✉♠ r❡❣✉❧❛t❡s t❤❡
✻✺
♠❛✐♥t❡♥❛♥❝❡ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ tr❡❡✱ ✇❤✐❝❤ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥✱ ✐t s❡❡♠s t♦
❜❡ ❧✐❦❡❧② t❤❛t t❤❡ ♥❡✉r♦♥✬s ♣❡r♠✐ss✐✈❡♥❡ss t♦ ♣r♦❝❡ss ✐♥❢♦r♠❛t✐♦♥ ✐s ♦❢ ❣r❡❛t ✐♠♣♦rt❛♥❝❡ ✐♥ ❢❡❛r
❡①t✐♥❝t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛s ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❉◆▼❚✸❛✷ ✐s r❡❣✉❧❛t❡❞ ❜② ♥✉❝❧❡❛r ❝❛❧❝✐✉♠✱
❛♥❞ ❛ ✈❛r✐❛t② ♦❢ ♦t❤❡r ❡♣✐❣❡♥❡t✐❝ ♣r♦❝❡ss❡s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ t♦ ♣❧❛② ❛ r♦❧❡ ✐♥ ❢❡❛r ❡①t✐♥❝t✐♦♥✱
❉◆▼❚✸❛✷ ❛❧s♦ s❡r✈❡s ❛s ❛ ❝❛♥❞✐❞❛t❡ t♦ r❡❣✉❧❛t❡ ❢❡❛r ❡①✐♥❝t✐♦♥✳ ❚❤✉s✱ ✜♥❞✐♥❣ t❛r❣❡ts ♦❢ ♥✉❝❧❡❛r
❝❛❧❝✐✉♠ t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r ❢❡❛r ❡①t✐♥❝t✐♦♥ ♠❛② ♦✛❡r ❛❞❞✐t✐♦♥❛❧ str❛t❡❣✐❡s t♦ tr❡❛t P❚❙❉✳
✻✻
✽ ▲✐st ♦❢ ❆❜❜r❡✈✐❛t✐♦♥s
❆❈ ❆❞❡♥②❧②❧ ❝②❝❧❛s❡
❆▼P❆ α✲❛♠✐♥♦✲✸✲❤②❞r♦①②✲✺✲♠❡t❤②❧✲✹✲✐s♦①❛③♦❧❡♣r♦♣✐♦♥✐❝ ❛❝✐❞
❆❘❈ ❆❝t✐✈✐t②✲r❡❣✉❧❛t❡❞ ❝②t♦s❦❡❧❡t♦♥✲❛ss♦❝✐❛t❡❞ ♣r♦t❡✐♥
❇❉◆❋ ❇r❛✐♥✲❞❡r✐✈❡❞ ♥❡✉r♦tr♦♣❤✐❝ ❢❛❝t♦r
❇❙❆ ❇♦✈✐♥❡ s❡r✉♠ ❛❧❜✉♠✐♥
❈❛▼ ❈❛❧♠♦❞✉❧✐♥
❈❛▼❇P ❈❛❧♠♦❞✉❧✐♥ ❇✐♥❞✐♥❣ Pr♦t❡✐♥
❈❛▼❑ ❈❛❧❝✐✉♠✴❝❛❧♠♦❞✉❧✐♥✲❞❡♣❡♥❞❡♥t ♣r♦t❡✐♥ ❦✐♥❛s❡
❝❆▼P ❈②❝❧✐❝ ❛❞❡♥♦s✐♥❡ ♠♦♥♦♣❤♦s♣❤❛t❡
❈❇P ❈❘❊❇ ❜✐♥❞✐♥❣ ♣r♦t❡✐♥
❝❉◆❆ ❝♦♠♣❧❡♠❡♥t❛r② ❉◆❆
❈❘❊ ❝❆▼P r❡s♣♦♥s❡ ❡❧❡♠❡♥t
❈❘❊❇ ❝❆▼P r❡s♣♦♥s❡ ❡❧❡♠❡♥t ❜✐♥❞✐♥❣ ♣r♦t❡✐♥
❈❙ ❈♦♥❞✐t✐♦♥❡❞ ❙t✐♠✉❧✉s
❉❈❳ ❉♦✉❜❧❡❝♦rt✐♥
❉■❱ ❉❛② ✐♥ ✈✐tr♦
❉▼ ❉✐ss♦❝✐❛t✐♦♥ ♠❡❞✐✉♠
❉▼❊▼ ❉✉❧❜❡❝❝♦✬s ▼♦❞✐✜❡❞ ❊❛❣❧❡ ▼❡❞✐✉♠
❉◆❆ ❉❡♦①②r✐❜♦♥✉❝❧❡✐❝ ❛❝✐❞
❉◆▼❚ ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡
❊●❘✶ ❊❛r❧② ❣r♦✇t❤ r❡s♣♦♥s❡ ♣r♦t❡✐♥ ✶
❊✲▲❚P ❊❛r❧② ♣❤❛s❡ ▲❚P
●❆❇❆ γ✲❆♠✐♥♦ ❜✉t②r✐❝ ❛❝✐❞
●❛❞❞✹✺β ●r♦✇t❤ ❛rr❡st ❛♥❞ ❉◆❆✲❞❛♠❛❣❡✲✐♥❞✉❝✐❜❧❡ ✹✺ ❜❡t❛
●❋P ●r❡❡♥ ✢✉♦r❡s❝❡♥t ♣r♦t❡✐♥
❍❆ ❍❡♠❛❣❣❧✉t✐♥✐♥
❍❉❆❈ ❍✐st♦♥❡ ❞❡❛❝❡t②❧❛s❡
❍❊❑✷✾✸ ❍✉♠❛♥ ❡♠❜r②♦♥✐❝ ❦✐❞♥❡② ✷✾✸ ❝❡❧❧s
■▼❉▼ ■s❝♦✈❡✬s ▼♦❞✐✜❡❞ ❉✉❧❜❡❝❝♦ ▼❡❞✐✉♠
▲❚▼ ▲♦♥❣✲t❡r♠ ♠❡♠♦r②
▲❚P ▲♦♥❣✲t❡r♠ ♣♦t❡♥t✐❛t✐♦♥
✻✼
▲✲▲❚P ▲❛t❡ ♣❤❛s❡ ▲❚P
▼❆P❑ ▼✐t♦❣❡♥✲❛❝t✐✈❛t❡❞ ♣r♦t❡✐♥ ❦✐♥❛s❡
▼❇❉ ▼❡t❤②❧✲❈♣● ❜✐♥❞✐♥❣ ❞♦♠❛✐♥
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